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     SUMMARY 
 
The aim of this study was to establish whether samples of South African-mined 
clinoptilolite could be used to remove selected metal cations from aqueous solution. The 
clinoptilolite samples supplied, (by Pratley SA) were in four different particle sizes. 
Batch study results revealed a decrease in the initial metal concentration in samples that 
were in contact with clinoptilolite. The finer particle size clinoptilolite had a greater 
capacity to remove metal cations from aqueous solution.  However, ion-exchange results 
from atomic absorption analysis showed that the larger particle sizes, removed more 
magnesium ions. Magnesium was the only ion investigated in this study that was present 
as an exchangeable ion in the Pratley clinoptilolite chemical formula, 
(MgCaNa2K2)2.5(AlO2)7(SiO2)30.21H2O. Results from the ion-exchange studies showed 
that the decreasing order of percentage metal removal at pH 3.00 was as follows: Pb > Ni 
> Cu > Fe > Mg. 
 
The mass of metal ions that accumulated on one gram of clinoptilolite as determined 
from the isotherms was calculated to be 6.16 mg/g for lead and 0.74 mg/g for copper. 
Data from the lead equilibrium studies were fitted into Langmuir and Freundlich 
equations and linear regression was used to calculate linearity coefficients for the 
isotherms. The results showed that the removal of lead ions by clinoptilolite is complex 
as both monolayer and multilayer adsorption occurs on a heterogeneous surface. 
Keywords: Clinoptilolite, contact time, ion-exchange, isotherm, metal removal, particle size 
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CHAPTER 1 
 
INTRODUCTION        
 
Groundwater and wastewater from industries, municipalities, agricultural and even 
domestic sources is normally contaminated with various ions including those of heavy 
metals such as copper, chromium, lead and iron (Bianchi et al, 2003; Petrus et al, 2005). 
Heavy metals are not biodegradable and tend to accumulate in living organisms, causing 
various diseases and disorders (Barros et al, 2003; Bektas et al 2004; Stylianou et al, 
2007). Among the operations used in wastewater treatment, adsorption occupies an 
important position. Adsorption operations exploit the ability of certain solids to 
preferentially concentrate specific substances from solutions onto their surfaces. 
Activated carbon is the most commonly used adsorbent for the treatment of wastewater. 
However, due to its high cost and the 10-15% loss during regeneration, alternative low 
cost adsorbents have been investigated. Though several studies have been conducted, 
explaining the utilization of several low cost adsorbents, most of these works stand at 
laboratory level and only very few cases have been directly implemented in practical 
applications at industry level (Bianchi et al, 2003; Petrus et al, 2005).  
 
Adsorption through ion-exchange is among the most promising technologies for the 
removal of cations from wastewater. Early research on ion-exchange focused on 
inorganic substances. However with the discovery of organic resins in 1935, interest in 
inorganic ion-exchange processes waned. However, recently there has been a revival of 
studies related to inorganic ion-exchangers (Qureshi and Varshney, 2000; Petrus et al, 
2005). Researchers have investigated the use of various solid adsorbents such as, 
chitosan, (Karthikeyan et al, 2004), modified fly ash, (Woolard et al, 2000), 
montmorillonite, (Rozic et al, 2002), cassava (Horsfall et al, 2003) and sugar-cane 
bagasse pith (Krishnan and Anirudan, 2004). The use of zeolites as ion-exchange agents 
has been well studied in relation to specific applications like catalysis and molecular 
sieving. The recent interest in the ion-exchange processes taking place in inorganic 
materials can be attributed to the economic importance of natural and synthetic zeolites in 
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applications such as catalytic cracking, molecular sieving, nuclear waste treatment, waste 
water treatment, agriculture and horticulture (Qureshi and Varshney, 2000).  
 
Over the past few years, the evaluation of zeolites as ion-exchangers in water treatment 
has been widely researched, (Argun, 2007; Oztas et al, 2007; Petrus et al, 2005; Bektas et 
al , 2004; Chmielewska et al, 2003; Onyango et al, 2003; Inglezakis et al, 2003; Doula et 
al, 2003; Makurin et al, 2001; Rozic et al, 2002; Elizalde-Gonzalez et al, 2001; Demir et 
al, 2002; Pabalan et al; 1999 and Barros et al, 1997). The availability of natural zeolites 
in many countries and the non-toxicity of the exchangeable cations from the zeolites 
facilitates the low-cost treatment of water by zeolite ion-exchange systems. Thus, due to 
these advantages and the favourable selectivity of zeolites for certain cations, zeolite 
minerals are of interest for use in the treatment of municipal, industrial and other 
wastewaters (Argun, 2007; Inglezakis et al, 2001; Pabalan et al, 1999). In this study, the 
application of a South African naturally occurring zeolite, (clinoptilolite) as an ion-
exchange agent was investigated. 
  
 
1.1 General background on zeolites 
 
There are close to forty known naturally occurring zeolites that have been recorded and 
their structures elucidated. Zeolites are hydrated aluminosilicate minerals which occur 
naturally or may be synthesized. They have a three-dimensional, microporous, crystalline 
structure that contains silicon, aluminium and oxygen. All zeolites have framework 
structures formed by joining together [SiO4]4- and [AlO4]5- polyhedra. The silicon and 
aluminium atoms are tetrahedrally coordinated to each other through shared oxygen 
atoms (Dyer, 1988). In the zeolite framework, the tetrahedra that contain silicon as the 
central atom are electrically neutral. The tetrahedra that contain aluminium as the central 
atom have a deficiency of positive charge because aluminium is triply charged. The net 
negative charge is balanced by the presence of alkali and alkali-earth metals in the zeolite 
structure. These cations are not part of the rigid aluminosilicate framework, but are 
weakly bonded in the cavities or channels of the zeolite framework. These channels also 
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host water which, like the metal cations, can be reversibly removed from the zeolite 
(Dyer, 1988; Li, 1999; Barros et al, 1997). 
 
The presence of these channels or pores in the zeolite structure facilitates exchange of 
cations between the zeolite and external solutions. During ion-exchange, the 
exchangeable cations in the zeolite are replaced by other cations from the external 
solution and in the process unwanted cations are removed from the external solution 
(Inglezakis et al, 2003; Dyer, 1988). The ion-exchange capacity of a zeolite is directly 
related to the quantity of aluminium present in the zeolite framework. A high aluminium 
concentration or a low Si/Al ratio favours a high ion-exchange capacity (Dyer, 1988; 
Woolard et al, 2000).  
 
The efficiency of ion-exchange is also affected by various other factors such as the types 
and concentrations of the ions (cations and associated anions) in the solution, the solution 
pH, the zeolite particle size and conditions such as the pressure and temperature used 
during the exchange process. The cations that are most likely to be exchanged onto the 
zeolite are those with small radii and high charges. Cations with large radii as well as 
small cations that easily become hydrated may not become exchanged due to steric 
factors (Barros et al, 1997). The channels in the zeolite have specific diameters thus 
cations or atoms of certain sizes or shapes cannot be exchanged onto the zeolite. This 
process of exclusion based on size is called molecular sieving.  
 
The capacity of a zeolite to act as an ion-exchange agent also depends on its chemical 
composition. Zeolites have different physical and chemical properties because of their 
varied chemical compositions. The location or source of a natural zeolite influences its 
chemical composition since environmental conditions during and following the formation 
of a zeolite will be unique to that zeolite (Mwale, 2000). Hence the number and types of 
impurities and the way in which the zeolite is cemented together is dependant on the 
unique conditions during formation. Thus, even though two or more zeolites from 
different sources may be classified together under one type, (e.g. clinoptilolite or 
analcime) variations in their properties will occur if there are differences in their 
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chemical composition (Culfaz et al, 2003; Sheppard et al, 1999). It thus becomes 
important to evaluate the properties of each naturally occurring zeolite even though it can 
be classified as falling under a known group of zeolites.  
 
The zeolite samples used in this study were mined in Vulture Creek in KwaZulu-Natal, 
South Africa. They have been characterised by the supplying company (Pratley) as being 
clinoptilolite, a well-known naturally occurring zeolite. The aim of this study was to 
investigate the ability of the supplied Pratley zeolites to remove selected metal cations 
from aqueous solutions by ion-exchange. The zeolites used in this study were already 
characterized and sieved to specific sizes by Pratley so no further sieving and 
characterization was done. The sieved Pratley clinoptilolite was provided in four different 
particle sizes which have been labeled as Z-1-2 mm, Z-0.5-1 mm, Z-60 tyler mesh and Z-
clino mix. The Z-1-2 mm clinoptilolite was sieved such that it had the largest particles 
and the Z-clino mix had the smallest particles. 
 
         
1.2 Clinoptilolite    
 
Clinoptilolite is found mainly in sedimentary rocks of volcanic origin. It is one of the 
most abundant natural zeolites (Barros et al, 1997; Armbruster, 2001). Due to its 
selectivity for heavy metal cations, clinoptilolite has been used to remove these cations 
from aqueous solutions (Inglezakis et al, 2003; Demir et al, 2002). Although other 
zeolites such as mordenite, chabazite and phillipsite find application in wastewater 
treatment, clinoptilolite is more often used.  This is because this zeolite displays a critical 
specificity for one ion over several abundant ions in the same solution (Dyer, 1988). 
Clinoptilolite has a structure that consists of channels of 10-membered rings, (A) and 8-
membered rings, (B) that run parallel to each other. Then a channel of 8-membered rings, 
(C) intersects the parallel running rings (Hernandez et al, 1999). See Figure 1.1. 
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Figure 1.1 Clinoptilolite structure  
 
Adsorption Characteristics of natural erionite, clinoptilolite and mordenite zeolite from 
Mexico. Hernandez M A et al (1999). Adsorption 6, 33-45 
 
 
The clinoptilolite channels display dimensions of 4.0 x 5.5 to 4.4 x 7.2 Å (Barros et al, 
1997). Pratley clinoptilolite has smaller channels, with a pore structure of 3.5 to 6.0 Å 
(Pratley Perlite Mining Co., 2000).  The size of these channels controls the size of the 
molecules, atoms and ions that can be exchanged or adsorbed onto clinoptilolite. One of 
the heavy metals to be investigated in this study is copper(II). The copper(II) cation has a 
radius of 0.82 Å, (Hui et al, 2005) thus during ion-exchange this ion should easily pass 
through the Pratley clinoptilolite channels. However, like many metal cations, the 
copper(II) ion becomes hydrated in solution. When hydrated, the copper(II) ion has a 
radius of 4.19 Å and will be excluded from the smaller clinoptilolite channels, resulting 
in a low removal of copper(II) from aqueous solution.   
 
Due to the high dipole moment of water, strong water-clinoptilolite interactions occur at 
the cationic sites of the zeolite (Cakicioglu-Ozkan et al, 2005). Thus the small water 
molecule, (2.66 Å) is easily removed by clinoptilolite which increases the importance of 
clinoptilolite in applications requiring water adsorption or drying. Dry Pratley 
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clinoptilolite absorbs 14.4g of water per 100g of clinoptilolite thus it has a water 
absorption capacity of approximately 15% (Pratley Perlite Mining Co., 2000). 
 
Compared to other zeolites, clinoptilolite has a high silicon content with a Si/Al ratio of 
between, 4.25 and 5.25 (Barros et al, 1997). Pratley clinoptilolite has a greater aluminium 
content with a Si/Al ratio of 3.85 (Pratley Perlite Mining Co., 2000). Zeolites with high 
Si/Al ratios are known to be resistant to acid attack because they retain their structures 
even when in low pH solutions. Pratley clinoptilolite is stable in solutions with a pH in 
the range, 3-12 (Pratley Perlite Mining Co., 2000). Zeolites with low Si/Al ratios 
(between 1-2) are known to be unstable in low pH solutions, (pH 3-4) as they begin to 
lose the aluminium in their framework when placed in acid environments (Dyer, 1988). 
Clinoptilolite can be heated to temperatures beyond 700oC, thus has a high thermal 
resistance because even at these temperatures its aluminosilicate framework does not 
collapse (Barros et al, 1997). 
 
1.2.1 Cation exchange capacity (CEC) 
The cation exchange capacity, (CEC), of a zeolite, depends on its chemical and structural 
features which in turn depend on the natural occurrence or source of the zeolite. Due to 
the wide occurrence of clinoptilolite in various countries, experimentally determined 
results for the cation exchange capacity of this zeolite vary (Barros et al, 1997; 
Armbruster, 2001). The CEC is commonly measured in moles of exchangeable cations 
per mass unit, (ordinarily a gram) of zeolite or in terms of equivalents of exchangeable 
cations per gram of zeolite. When the CEC is expressed in moles of exchangeable 
cations, the nature and charge of the exchanging cations have to be clearly stated for each 
exchange reaction. When the CEC is expressed in equivalents of exchangeable cations 
there is no need to show the nature and charge of the cation as the number of equivalents 
exchanged is the same regardless of the cation being exchanged. 
 
The gram equivalent weight of a cation is obtained by dividing the atomic weight of the 
cation by the charge of the cation. The gram equivalent weight of monovalent cations is 
the same as the atomic weight of the cation; (the atomic weight of an atom or cation is the 
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mass of one mole of the atom or cation). For an example one mole of K+, (atomic mass of 
39.10 g) is equal to one equivalent of K+, (equivalent weight of 39.10 g). However one 
mole of Mg2+, (atomic mass of 24.31g) is equal to two equivalents of Mg2+, (equivalent 
weight of 12.16 g). To calculate the CEC of a zeolite, and express it in equivalents of 
cations per gram, the chemical formula of the zeolite must be known and its molecular 
weight must be determined. Then the exchangeable cations in the zeolite must be 
identified and the total charge that they can yield must be determined. The number of 
equivalents per gram can then be calculated by dividing the total cation charge by the 
molecular weight of the zeolite (GSA Resources Inc., 2000).  
 
For example, the idealized chemical formula of clinoptilolite is given as: 
CaNa4(AlO2)6(SiO2)30.24H2O (Pratley Perlite Mining Co., 2000). Since the molecular 
weight of the ideal clinoptilolite is 2721.1 g and the total cation charge is 6, the 
theoretical CEC for clinoptilolite, is 2.2 milliequivalents, per gram, (meq/g).  
 
The chemical formula of Pratley clinoptilolite is given as 
(MgCaNa2K2)2.5(AlO2)7(SiO2)30.21H2O (Pratley Perlite Mining Co., 2000).  Although the 
theoretical CEC for this clinoptilolite (based on the given chemical formula and 
calculation) is 2.6 meq/g, the actual CEC has been determined to lie between 1.2-1.8 
meq/g depending on the particle size of the clinoptilolite used (Pratley Perlite Mining 
Co., 2000).   
 
The theoretical CEC given for a material such as clinoptilolite is normally different from 
the CEC obtained under applied conditions by an investigator. The theoretical CEC refers 
to the total number of sites available for cation exchange on the material under 
investigation. The experimentally determined CEC may be lower than the theoretical 
CEC because not all the exchange sites may be readily available. This may be due to 
some sites being located in an inaccessible part of the material or cations in the material 
being hydrated such that they are too large to pass through a channel and thus cannot be 
exchanged (Mendoza et al, 2006). For various reasons including those given above, 
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values of the experimentally determined CEC for clinoptilolite can be 6-35% lower than 
the expected theoretical CEC (Cerri et al, 2002). 
 
1.2.2 Activation of zeolites for ion-exchange 
Before being used in ion-exchange applications, zeolites that contain several 
exchangeable cations are normally activated or pre-treated in order to replace them with 
only one kind of cation. The aim of pre-treatment methods is usually to improve the 
cation exchange capacity of the zeolites (Barros et al, 1997). Zeolites have been pre-
treated using various methods such as acid, alkali, salt or thermal pre-treatment. Different 
activation procedures can have a significant impact on the behavior of the zeolite (Demir, 
2002; Inglezakis et al, 2001; Elizalde-Gonzalez et al, 2001). The ion-exchange capacity 
of clinoptilolite is significantly influenced by the physical and chemical pre-treatment 
techniques and regenerations used on the zeolite. However, the degree of influence of the 
pre-treatment on ion-exchange capacity varies widely depending on the source of the 
clinoptilolite (Demir et al, 2002). The clinoptilolite used in this study was pre-treated 
with aqueous sodium chloride in order to convert the exchangeable cations into sodium 
ions.  
 
1.3 Zeolite ion-exchange 
 
When a zeolite is in contact with a solution that has one or more types of cations, ion-
exchange can occur. During ion-exchange, two or more similarly charged ions are 
exchanged between the solution and the zeolite. When this ion transfer from one phase to 
the other occurs, electrical neutrality must be maintained. Thus when cations from the 
zeolite are released into solution, the excess negative charge in the zeolite structure 
becomes balanced by an equivalent amount of positive charge from cations from the 
external solution (Vulava et al, 2000). The ion transfer is regulated by the ion 
concentration in both phases and by the selectivity of the zeolite for one or more ions. 
Selectivity is a measure of preference of the solid or solution for one ion over another 
(Mwale, 2000).   
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Experimentally, selectivity series have differed from the predicted list depending on the 
source of the clinoptilolite and the pre-treatment methods used (Armbruster, 2001). Ion-
exchange is generally a reversible process, though it can be irreversible (Dyer, 1988). 
Since ion-exchange is an endothermic process, an increase in temperature will tend to 
increase the exchange capacity of the zeolite (Demir et al 2002; Mendoza et al, 2006). 
Ion-exchange between Na+ cations initially in solution, (referred to as the entering 
cations) and  K+ cations, initially in the zeolite (referred to as the exiting cations) can be 
represented as follows in a reaction: 
 
Na+(aq)  + K+(s)     Na+(s)  + K+(aq) 
 
1.3.1 Ion-exchange isotherms 
An equation that relates the amount of a substance attached to a surface, to its 
concentration in the gas phase or in solution, at a fixed temperature, is known as an 
adsorption isotherm (Laidler and Meiser, 1999). The equilibrium concentrations of the 
respective ions in a given reaction can be characterized by the construction of an ion-
exchange isotherm. An isotherm is described as a pictorial representation of the 
equilibrium concentrations of the respective ions in both the solution and zeolite phases 
(Dyer, 1988).  An isotherm has also been described by Dyer as a record of the equivalent 
fraction of the entering ion in the solution against its equivalent fraction in the zeolite. 
The ion-exchange isotherm can be used to quantify the selectivity of the zeolite for one 
ion over another. Ion-exchange isotherms can also be used as tools to achieve a better 
comprehension of cation removal from solutions by means of zeolite treatment (Barros et 
al, 1997). The isotherm corresponding to the ion-exchange of two cations is normally 
expressed as AS, (equivalent fraction of the entering ion in the solution) plotted against 
ĀZ, (equivalent fraction of the entering ion in the zeolite) at a constant total ion 
concentration (Dyer, 1988; Qureshi and Varshney, 2000; Barros et al, 2003).  
 
Isotherms are classified according to their shape and can be categorized into different 
types (Dyer, 1988, Barros et al, 1997 and Sing et al, 1985). IUPAC has classified 
adsorption isotherms into six types, (Donohue, 1998; Sing et al, 1985) while Dyer has 
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described three types of isotherms. The ion-exchange isotherm shapes as described by 
Dyer, 1988 are shown in Figure 1.2. These isotherm shapes give a pictorial indication of 
the relative preference of the ions for the solution and zeolite (Qureshi and Varshney, 
2000). In Figure 1.2, the y-axis is labeled as the equivalent fraction of the entering ion in 
the solution, AS while the x-axis is labeled as the equivalent fraction of the entering ion 
on the zeolite, ĀZ. The straight line, (dotted line labeled as 1) shows the zeolite is not 
selective, hence the zeolite has an equal affinity for the two cations, (i.e. the entering and 
exiting cations). Isotherm 2 indicates that the zeolite has a preference for the ion already 
on the zeolite therefore cation removal of the entering ion is low. Isotherm 3 indicates 
that the zeolite has a preference for the ion in the external solution hence cation removal 
of the entering ion is high. 
 
   
    Figure 1.2 Idealized ion-exchange isotherms  
    
Zeolite Molecular Sieves. Dyer, A.(1988).  
 
Ion-exchange equilibria are a function of solid and aqueous phase composition and 
aqueous solution concentration. Since these parameters vary widely even within similar 
chemical systems, mathematical models are used to accurately predict and describe ion-
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exchange equilibria (Pabalan et al, 1999). Adsorption isotherm data are commonly fitted 
to the Langmuir or Freundlich mathematical models (Demir et al, 2002). The 
experimental results from the metal cation equilibrium studies of this study were fitted 
into the Langmuir and Freundlich equations. The Langmuir and Freundlich equations 
were rearranged to their linear forms, (equation 1 and 2 respectively in Appendix I). The 
Langmuir isotherm describes adsorption as chemisorption; chemisorption means that the 
adsorbed molecules stick to the surface by forming a chemical bond and they tend to find 
sites that maximize their coordination number with the substrate (Atkins, 1995). 
 
The assumptions made when using the Langmuir equation are:   
-that the adsorbed or exchanged cations form a single uniform layer on the adsorbent      
  surface  
-that no chemical interaction occurs between adsorbed ions  
-that all the exchange sites are equivalent and that the surface is uniform and lastly 
-that the rate of adsorption or cation exchange is proportional to the product of the 
available adsorption or exchange sites on the zeolite surface and on the concentration of 
the cations in the solution (Laidler and Meiser, 1999; Atkins, 1995).  Deviations from the 
Langmuir isotherm can be traced to the failure of one or more of these assumptions. 
 
Data from the metal cation equilibrium studies were also fitted into the linearised 
Freundlich equation, given as equation 2 in Appendix I. The Freundlich isotherm is an 
empirical isotherm which describes multilayer adsorption on a surface. Unlike the 
Langmuir equation, the Freundlich equation does not correspond to the saturation of a 
surface. This isotherm is based on the theory that surfaces are heterogeneous and that 
interaction occurs between adsorbed particles (Atkins, 1995; Adamson, 1990).  In this 
study the data from the equilibrium studies were fitted into both the Langmuir and 
Freundlich isotherms. 
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The aims of this study were to: 
1) determine and compare the ability of different sized clinoptilolite samples to 
remove selected metal cations from aqueous solution. 
2) construct ion-exchange isotherms for selected metal cations and determine the 
selectivity of clinoptilolite for those metal cations. 
3) determine the mass of selected metals that can be accumulated on one gram of 
clinoptilolite after repeated 24 hour equilibrium cycles. 
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CHAPTER 2 
 
EXPERIMENTAL 
 
 
2.1 Zeolite Activation 
 
The aim of salt activation was to exchange most or all of the exchangeable cations on the 
supplied zeolites for sodium ions. To regenerate Pratley clinoptilolite, the zeolites must 
be soaked in 5% sodium chloride solution for 1-3 days. This converts almost all the 
exchangeable cations into sodium ions, (Pratley Perlite Mining Co, 2000). Sodium ions 
are the weakest bound exchangeable ions in clinoptilolite and therefore are the most 
easily exchanged with cations from the solution (Rozic et al, 2002). The different particle 
size Pratley clinoptilolite zeolites were activated by stirring 45-60 g of each in 250 mL of 
a 30 g/L sodium chloride solution for an hour. After stirring, the zeolites were left in 
contact with the salt solution for 48 hours. A medium Teflon coated magnet and magnetic 
stirrer units set at a medium to high stirring rate were used.  
 
The sodium chloride solution was prepared using deionized water. The zeolites were then 
washed with deionized water until the solution appeared clear. About 5 mL of the clear 
supernatant solution was withdrawn and 5-10 drops of 0.1 M silver nitrate solution were 
added. Washing of the zeolites was stopped when the clear solution tested negative for 
chlorides with a silver nitrate solution, (Cakicioglu-Ozkan et al, 2005; Elizalde-Gonzalez, 
2001). After washing, the zeolites were oven dried at 65-75oC. After cooling, the dry 
zeolites were stored in sealed polypropylene bottles. The grades and sources of all the 
reagents used in the study and the descriptions of the apparatus and instruments used are 
given in section 2.4. 
 
 
2.2 Ion-exchange studies  
 
Effect of time and particle size on metal cation concentration 
The aim of the ion-exchange studies was to determine the effect of contact time on the 
metal cation concentration. The effect of the different particle sizes of clinoptilolite on 
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metal concentration was also studied. To facilitate ion-exchange, the batch method was 
used. The samples that were to be analysed using flame atomic absorption spectrometry, 
(FAAS) were prepared by mixing 2 g of the activated zeolites with 50 mL of a pH 
adjusted 10 ppm metal ion standard solution in 100 mL polyethylene beakers. Magnetic 
stirrer units were used to mix the zeolites and standard solutions. After contact times 
ranging between 5-60 minutes, 5.00 mL of the supernatant solution was withdrawn and 
filtered. FAAS was used to determine the concentration of the specific metal cation in the 
filtered solution at the end of each contact time. The samples that were to be analysed 
using the inductively-coupled plasma, (ICP) were prepared in the same manner as those 
for FAAS except the 2g of the activated zeolites were mixed with 50 mL of a pH adjusted 
0.2 mmol/L metal solution. The 5.00 mL samples that were pipetted from the supernatant 
solutions were filtered and diluted before ICP analysis.  The commercial 1000 ppm metal 
stock solutions from which the metal standards were prepared were preserved in nitric 
acid therefore the pH of the metal standards was low, (in the range 1.98–2.20). Pratley 
clinoptilolite is stable in the pH range 3- 12, (Pratley Perlite Mining Co, 2000) therefore 
the pH of the metal standard solutions was adjusted to pH 3.00 before mixing with the 
zeolites. An acidic environment was selected because most metals form hydroxide 
precipitates in alkali solutions, (Top and Ulku, 2004).  
 
The exchange of ions onto zeolite surfaces has been found to be pH dependant, (Hui et al, 
2005) but a buffer solution was not used in these experiments. This was to avoid 
introducing cations from the buffer solution that would compete with the metal ions for 
the zeolite exchange sites. Control solutions, (containing the metal standard solution but 
no zeolites) were prepared to account for changes in the metal cation concentration that 
were not due to the presence of the zeolites. 
 
2.3 Equilibrium studies 
 
The aim of the equilibrium studies was to generate adsorption isotherms and to determine 
the amount of metal cation that could accumulate onto 1 g of the zeolites. 50 mL of a pH 
adjusted 0.2 mmol/L metal standard solution was mixed with 1 g of the activated zeolites. 
The zeolites were stirred with the metal standard, for two hours, at a medium rate using a 
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Teflon coated magnet and a magnetic stirrer unit. Thereafter the zeolites were left in 
contact with the metal solution in sealed polypropylene bottles for 24 hours without 
further agitation. After 24 hours, 5.00 mL of the supernatant solution was withdrawn and 
filtered through Whatman 41 filter paper. The samples were diluted and analysed on the 
ICP. The rest of the supernatant solution was decanted and another fresh 50 ml of the 
metal standard solution was mixed and stirred with the same 1 g zeolite (Mwale, 2000). 
The process of sample equilibration followed by sample withdrawal and analysis was 
repeated four times.  
 
2.4 Materials and instruments 
 
2.4.1 Chemicals and reagents 
Chemical Grade Source 
Copper stock solution Analar ACE, Merck 
Iron stock solution Analar Saarchem 
Lead stock solution Analar Merck, LNS Lab 
Magnesium stock solution Analar Saarchem 
Nickel stock solution Analar Saarchem 
Sodium stock solution Analar Saarchem 
Potassium stock solution Analar Saarchem 
pH 4, 7 and 10 Buffer solutions Analar BDH lab 
Nitric acid Analar ACE 
Potassium hydroxide Analar Saarchem 
Silver nitrate Chemically pure ACE 
Sodium chloride Analar Merck 
Sodium hydroxide Analar Saarchem 
Clinoptilolite  Pratley Vulture Creek Clino 
 
Table 2.1 Chemicals and reagents used  
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2.4.2 Instruments and instrument parameters 
A Hanna pH meter, (model 8417), with a WTW combined pH electrode, (SenTix 42) was 
used to measure the pH of the metal standards. The average electrode slope calculated 
from duplicate buffer measurements, (Table 2.2) at the beginning of the investigation was  
-57.9 mV. The electrode slope was calculated by measuring the potential (in millivolts, 
mV) of three buffer solutions with pH values of 4.00, 7.00 and 10.00 respectively. A 
graph of the buffer pH against the buffer potential was plotted and the electrode slope 
was calculated from the graph slope using the formula, Δy/Δx. The method for 
determining the electrode slope was taken from the pH meter manual. At a standard 
temperature of 25oC the ideal electrode slope should be -59 mV therefore the electrode 
used had relative error of -1.86%. The relative error of the electrode slope in subsequent 
measurements remained within the 2.00-10.00% range. 
 
Measurement pH 4 buffer (mV) pH 7 buffer (mV) pH 10 buffer (mV) Slope 
1 181.0 8.5 -165.8 -57.8 
2 182.6 8.6 -165.2 -57.9 
 
Table 2.2 Buffer measurements for electrode slope determination 
 
A Varian atomic absorption spectrophotometer, model Spectra-100 was used to 
determine the metal cation concentrations in the supernatant solutions. The working 
parameters used for the different metals, (Table 2.3) were taken from the Varian atomic 
absorption spectrometer method cookbook. 
 
Metal Flame Slit 
width 
(nm) 
Wavelength 
(nm) 
Optimum 
std  range 
(ppm) 
Background 
correction 
Reagent 
added 
Copper  Air/acetylene 0.5  324.8  0.03-10  OFF None 
Lead Air/acetylene 0.5 283.3 0.5-50  ON None 
Magnesi
um 
Air/acetylene 1.0  202.6  0.15-20  ON None  
Sodium Air/acetylene 0.5  330.3 2-400  OFF 1000 
ppm K 
 
Table 2.3 AA parameters used for metal analysis 
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The reagents added to some of the metal solutions, were added following 
recommendations in the Varian atomic absorption spectrometer method cookbook. The 
1000 ppm of potassium solution was added to all sodium sample, standard and blank 
solutions to reduce interferences that result from the ionization of these elements in the 
flame. Ionization of the analyte atoms results in reduced absorbances and hence reduced 
analyte concentrations. The potassium solution acts as an ionization suppressor because 
potassium undergoes ionization instead of sodium.  
 
Background correction with a deuterium arc lamp was done for those metal solutions 
whose wavelength of analysis was below 300 nm. Background absorption occurs when 
molecular species in the flame absorb light. Light scattering by particles in the flame 
falsely enhances absorption readings. The absorption due to scattering is measured and 
then subtracted from the total measured absorption. 
 
A Perkin Elmer Optima 5300DV ICP was used for the copper, lead, nickel and sodium 
analysis. A Varian 700ES series ICP-OES was used for the iron analysis. The wavelength 
selected for use in the analysis of each metal was taken from the ICP workbook. The 
wavelength that was indicated as the most sensitive for the metal was used. Table 2.4 
shows the wavelengths that were used for the ICP analysis of each metal.  
 
METAL WAVELENGTH (nm) 
Copper 327.4   
Iron 238.2 
Lead 220.4  
Nickel 231.6  
Sodium 589.6 
 
Table 2.4 Wavelengths used for ICP analysis 
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CHAPTER 3 
 
ATOMIC ABSORPTION ION-EXCHANGE STUDIES 
This chapter contains the results and discussion of the studies done on the atomic 
absorption, (AA) spectrometer. Section 3.1 contains AA validation test results which 
were obtained using copper standard solutions. Sections 3.2 to 3.4 contain results of the 
copper, magnesium and lead ion-exchange studies at pH 3.00. 
 
3.1 AA Method validation 
3.1.1 Determination of the accuracy, precision and bias of the AA results 
 
To determine the instrument precision, five copper standards, in the range, (2-10 ppm) 
were prepared and aspirated in the flame. Copper was chosen because it is among those 
elements that are frequently determined by FAAS. It can be atomized relatively easily, it 
exhibits practically no interferences in an air-acetylene flame and it is virtually 
independent of the stoichiometry of the flame and lamp current, (Welz and Sperling, 
1999). The measured copper absorbances shown in Table 3.1.1 were used to plot the 
calibration curve in Figure 3.1.1. A repeatability test was conducted to determine whether 
the instrument would produce a constant response to the same sample. One of the copper 
standards, (8.00 ppm) was selected and used as a sample which was aspirated 12 times in 
the flame. 
 
 
 
Sample Concentration 
(ppm) 
Absorbance Absorbance Absorbance Mean 
Absorbance 
Instrument 
% RSD 
Cal zero 
 
0 0.0015 0.0023 0.0016 0.0018 
(±  0.0012) 
26.4 
Standard 1 2 0.1757 0.1738 0.1744 0.1746 
(±  0.0022) 
0.5 
Standard 2 4 0.3337 0.3306 0.3299 0.3314 
(± 0.0049) 
0.6 
Standard 3 6 0.4923 0.4937 0.4939 0.4933 
(± 0.0024) 
0.2 
Standard 4 8 0.6457 0.6485 0.6473 0.6472 
(± 0.0032) 
0.2 
Standard 5 10 0.7586 0.7662 0.7667 0.7638 
(±  0.011) 
0.6 
 
Table 3.1.1 AA results for copper calibration curve at 95% confidence 
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Figure 3.1.1 Regression curve obtained using the least squares method 
 
 
The AA spectrometer was programmed to make triplicate measurements during sample 
aspiration. The spectrometer would then determine the mean and relative standard 
deviation, (RSD) of the sample absorbance readings. Table 3.1.2 contains the 
repeatability study results. Deionized water was used as the zeroing solution since the 
standards were prepared in deionized water. The instrument-calculated %RSD values 
were used to determine the absorbance confidence limits using equations 3 and 4 in 
Appendix I. 
 
 
 
Table 3.1.2 AA results for repeatability studies using an 8.00 ppm copper standard 
 
 
The instrument-calculated %RSD values in Tables 3.1.1 and 3.1.2 were in the range 0.1-
1.0 which is low enough to indicate good precision. The %RSD was automatically 
calculated by the instrument when absorbance measurements were done in triplicate on a 
Sample 1 2 3 4 5 6 7 8 9 10 11 12 
Mean 
absorbance 
0.633 0.634 0.631 0.635 0.632 0.631 0.625 0.621 0.629 0.594 0.581 0.559 
Concentration 
 
7.94 7.95 7.90 7.96 7.93 7.90 7.82 7.76 7.88 7.39 7.19 6.90 
% Error -0.813 -0.65 -1.2 -0.488 -0.9 -1.2 -2.3 -3.03 -1.54 -7.69 -10.01 -13.7 
Instrument   
% RSD 
0.2 0.5 0.4 0.5 0.7 0.1 0.4 0.3 0.6 1.0 0.3 0.1 
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single sample. The accuracy of the first nine measurements was good as the percentage 
relative error was in the range -0.65 to -3.0%. Calculation 1 in Appendix II shows how 
the relative error was calculated. A relative error of ±5% is analytically acceptable 
according to results by Hernandez et al, 1999.  In the first nine measurements a general 
downward trend in the copper concentration was apparent however, in the last three 
measurements the mean concentration showed a definite decrease with time. The errors 
in the last three measurements increased from 7.69% to 13.7%. Due to the higher relative 
errors of the last three measurements in Table 3.1.2, and the bias which showed a pattern 
of decreasing copper concentration with increasing analysis time, further repeatability 
tests using copper and other metal standard solutions were done. The repeatability test 
results of some of the metal samples indicated the presence of instrument drift. The 
repeatability test results are presented in Appendix III. In measurement, low errors are 
ideal so that the results are reliable but even experienced researchers sometimes obtain 
errors that are higher than ±5%. In experiments that were conducted in triplicate by 
Inglezakis et al, 2003 the errors were in the range 3.5% to 13%. In this study, it was 
difficult to reduce the control errors to below ±5%, therefore results with control error of 
up to 10% were included. 
 
The repeatability test results, (Appendix III) of the metals showed different trends for the 
different metals. For example, results from nickel and magnesium tests showed an overall 
increase in concentration over time while results from copper, chromium and iron tests 
showed an overall decrease in concentration over time. There was no bias in the 
repeatability test results of lead. Due to the non-uniform bias of the metal repeatability 
test results, the cause of the instrument drift was difficult to identify. Based on the 
repeatability results in Appendix III and errors in the control solutions, the ion-exchange 
results of nickel, chromium, iron and calcium have been excluded from this chapter.  The 
control solution errors will be discussed in the section below. 
 
3.1.2. Discussion of the AA validation results  
  
The precision of the initial copper results, (Table 3.1.1) and the repeatability results was 
adequate as the %RSD was generally below 5% for most samples. The initial copper 
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results in Table 3.1.2, showed a general decrease in concentration with increasing 
analysis time. This bias in the copper results was taken to indicate the presence of an 
error arising from the AA spectrometer. Further repeatability tests were done for copper 
and the results obtained were acceptable, especially when compared to the repeatability 
results of other metals. These results are in Table III(a) in Appendix III.  The 
instrumental variables that affect the instrument response in FAAS include; the 
monochromator slit width, the photomultiplier voltage, the fuel/oxidant ratio and the 
vertical position of the flame observed by the monochromator (Kenner C.T, 1979). The 
hollow cathode lamps, (HCL) and the flame could be potential sources of the error even 
though a different HCL was used for each metal and two different flame types were used 
during the study. The cause of the instrument drift could not be identified, thus the 
repeatability tests results were used as a guide to determine which metal AA results 
would be included in this chapter.  
 
Check standards were used during the analysis of metal samples from ion-exchange 
studies on the AA and on the ICP. The role of the check standards was to monitor the 
instrument response. A check standard was run with all the samples that were analysed 
on the ICP as this instrument was used later in this study. A check standard was not run 
with all the samples that were analysed on the AA as some ion-exchange experiments had 
been completed earlier in this study.  Results from the ion-exchange studies done on the 
AA generally showed bias during analysis because of the longer analysis time, (20-25 
samples were run per given time on the AA).  
 
Control solutions were run with all the samples analysed on the AA and the ICP to 
monitor concentration changes that were not due to the presence of zeolites. An apparent 
change in the control solution concentration was taken to be an error. Calculation 1 in 
Appendix II shows how the relative control errors were calculated. Compensation for the 
control errors was done by calculating the absolute error and subtracting this error from 
the sample concentrations. The graphs were plotted with these corrected concentrations. 
The relative error was also subtracted from the calculated metal removal percentages, 
(calculation 3 in Appendix II) to correct the percent metal removal. The errors in the 
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control solutions have to be low for the results to be acceptable. However, large relative 
errors were obtained for the control solutions. As a result, in this study relative control 
errors up to ±10% were accepted. The ion-exchange experiments at various pH levels 
were repeated numerous times in an effort to reduce the control errors however the 
control errors remained large. All the results from the ion-exchange studies that were 
done at pH 5.50 and pH 7.00 and some results from ion-exchange studies done at pH 3.00 
have been excluded from this document. This is because including results containing 
such large control errors may have significantly influenced the reliability of the AA 
results. Therefore, based on the size of the control errors and the repeatability test results, 
only results from the copper, magnesium and lead ion-exchange studies have been 
included in this chapter. 
 
 
3.1.3 Determination of AA regression line data  
 
In many analytical methods including atomic absorption spectroscopy, (AAS), the 
determination of the concentration of an analyte in a sample is based on a calibration 
curve. A calibration curve should approximate a straight line but due to random errors in 
the measuring process, not all the data fall exactly on the line (Skoog et al, 1992). 
Regression analysis is used to determine the “best” straight line for the data points. 
Figure 3.1.1 contains the regression curve for the copper standards. The equations used to 
calculate the regression line statistical data for each metal ion in Table 3.1.3 are listed in 
Appendix I. The coefficient of linearity, r was calculated using equation 5 while the 
straight line equation was calculated using equations 6 and 7. The error of regression was 
calculated using equation 9 while the detection limit was calculated using equation 11 
and the best line equation. 
 
 
3.1.4 Discussion of the regression statistics 
A calibration curve should be a straight line which can be described by equation 6, in 
Appendix I. Regression analysis was done to obtain the equation for the best straight line 
which should give the “best fit” between the regression line and the data. The linearity of 
the regression line was determined by calculating the coefficient of linearity, r using 
equation 5 in Appendix I.  
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Metal Correlation 
coefficient (r) 
Equation for best 
straight line 
Error of regression 
(sy/x ) 
Detection limit 
ppm 
Copper 
 
0.9995 y = 0.06587x + 0.01402 0.01075 0.49 
Lead 
 
0.9997 y = 0.01261x + 
0.001305 
0.001345 0.32 
Magnesium 
 
0.9991 y = 0.03527x + 0.01422 0.01167 0.99 
Sodium 
 
0.9991 y = 0.001852x + 
0.01305 
0.01153 12.6 
 
Table 3.1.3 Regression line statistics for copper, lead, magnesium and sodium 
 
The closer to 1.000 the value of the coefficient of linearity is the more the regression line 
approaches a “perfect fit” for the data. In results by Makurin et al, 2001 and Erdem et al, 
2004 the regression line was determined to be linear as long as the coefficient of linearity 
had a value that was greater than 0.95. The calibration curves of all the metals in this 
study were straight lines with linearity coefficients that were greater than 0.9990.  
 
The regression line is normally used to determine the concentration of unknown solutions 
by extrapolation. Thus any error existing in the regression line will be incurred by the 
unknown solutions. The regression errors reflected in Table 3.1.3, thus give an indication 
of the random error that exists in the regression line of each metal. The detection limits 
were calculated using the regression error and the calculated “best” straight line equation. 
The most accepted qualitative definition of detection limit is that it is the minimum 
concentration or mass of an analyte that can be detected at a known confidence level 
(Skoog et al, 1998). It is also the minimum distinguishable analytical signal that is taken 
as the sum of the mean blank signal plus a multiple, (usually 3 or 10) of the standard 
deviation of the blank. According to the Varian cookbook, sodium analysis should be 
performed at the sensitive wavelength of 589 nm which has an optimum standard range 
in a dilute range. A high concentration of sodium was expected in the samples in this 
study because the zeolites were activated in a 30g/L NaCl solution. Therefore an 
alternative wavelength of lower absorptivity, 330.3 nm was selected. This was to allow 
accurate analysis in the higher optimum standard range of 2-400 ppm. The standard range 
for the other metals was low at 1-10 ppm. A higher calibration standard range was used 
for sodium thus a higher calculated detection limit (Table 3.1.3) was obtained. 
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3.2 Studies on the removal of copper(II) ions from an aqueous solution by 
clinoptilolite   
  
3.2.1 Results and discussion of the copper-sodium ion-exchange study using the Z-1-2 
mm size clinoptilolite 
 
The initial ion-exchange studies were performed with the Z-1-2 mm size clinoptilolite 
and a 10 ppm copper standard. The pH of the copper standard was not adjusted thus the 
batch solutions were in an acidic environment, (pH 2.02-2.09). The supernatant solution 
was tested for the presence of copper and sodium ions after contact times of 5, 15, 30 and 
45 minutes. The batch experiments were performed in duplicate to determine the 
reproducibility of the results. Table 3.2.1 shows that the copper concentration in the 
supernatant solution decreased with increasing contact time. Meanwhile the sodium 
concentration in the supernatant solution increased with increasing contact time. Figure 
3.2.1 shows the corresponding concentration variations in the supernatant solution. 
 
 
 
 Samples Contact 
time(min) 
[Cu] ppm Cu Absorbance [Na] ppm Na Absorbance 
Sample 1 5 8.512 0.4717  (±0.029) 17.392 0.0422  
(±0.00063) 
Sample 2 5 8.493 0.4710  (±0.021) 17.244 0.0419 (±0.0044) 
 
Sample 1 15 5.036 0.3095  (±0.011) 33.033 0.0803 (±0.00099) 
 
Sample 2 15 5.121 0.3143  (±0.038) 28.739 0.0699 (±0.0023) 
 
Sample 1 30 6.321 0.3770  (±0.015) 43.306 0.1053 (±0.0042) 
 
Sample 2 30 6.900 0.4044  (±0.017) 38.983 0.0948 (±0.0064) 
 
Sample 1 45 4.502 0.2790  (±0.019) 61.311 0.1489 (±0.0044) 
 
Sample 2 45 5.201 0.3187 
(±0.0095) 
58.109 0.1412 (±0.0025) 
 
 
Table 3.2.1 AA results of the batch studies of copper – sodium ion-exchange  
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Figure 3.2.1 Effect of contact time on the concentration of copper and sodium ions in the 
supernatant solution in the presence of clinoptilolite 
 
 
Due to the low pH of the 10 ppm copper standard solution, the decrease in the 
concentration of copper ions in the supernatant solution could not be due to the formation 
of the copper hydroxide precipitate. It could thus be assumed that the presence of the 
zeolites in the standard solution was leading to the decrease in the copper concentration. 
The sodium concentration increased with increasing analysis time therefore an exchange 
of ions was occurring between the zeolites and the copper standard solution. 
 
The copper cation is divalent and the sodium cation is monovalent, therefore in order to 
maintain charge balance when ion-exchange occurs, two sodium ions from the 
clinoptilolite must be released into the solution whenever one copper cation from the 
solution is exchanged onto the clinoptilolite. Thus the concentration of copper ions that 
have been exchanged onto the clinoptilolite should be half the concentration of sodium 
ions released into the solution at each of the measured times. The data in Table 3.2.1 
were used to perform calculations to establish whether a stoichoimetric relationship exits 
in the concentrations of the copper and sodium ions. These calculations were performed 
in moles per liter and a model calculation is shown as calculation 7 in Appendix II. 
Results from the calculations revealed that in the 5 to 45 minutes of contact between the 
Z-1-2 mm clinoptilolite and the 10 ppm copper standard solution only 6% to 12% of the 
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sodium ions were in the solution as a result of ion-exchange. The presence of a 
stoichiometric relationship could not be established between the copper and sodium 
concentrations. Results obtained from studies by Peric et al, 2004 determined that there 
was nonstoichoimetry in the ion-exchange of metals such as copper and lead with 
sodium. 
 
Conclusions from other studies, (Inglezakis et al, 2004; Peric et al, 2004) were that the 
removal of metal ions from solution by clinoptilolite could occur through both ion-
exchange and adsorption. The two processes resemble each other in that the ions in the 
solution are taken up by the solid zeolite. In ion-exchange, the process is stoichiometric 
as electrical neutrality has to be maintained, however, in adsorption the ions in the 
solution can be taken up without being replaced by ions from the zeolite, (Stylianou et al, 
2007). A stoichiometric relationship could not be established between the concentration 
of copper ions and that of sodium ions in the supernatant solution therefore, the copper 
removal must have been through both the ion-exchange process and adsorption. 
 
The increase in the concentration of sodium ions in the sample may be explained by the 
fact that zeolites are weakly acidic in nature. Zeolites converted into the sodium form are 
selective for H+ ions leading to more sodium ions in solution and to higher pH values 
(Kapanji et al, 2008; Erdem et al, 2004) 
 
R-Na  +   H2O    RH  +  Na+  +  OH- 
 
The larger hydration radius of heavy metals can be used to explain the lower quantity of 
copper ions taken up by clinoptilolite. The copper cations in aqueous solution become 
hydrated with water molecules, forming complex cations. It is well established that there 
exists an equilibrium between simple copper cations, and their hydrated complexes 
(Iznaga et al, 2007). The radius of a hydrated copper(II) complex is 4.19 Å  while the 
unhydrated copper ion has a radius of 0.82 Å (Hui el al, 2005). Pratley clinoptilolite has 
channels with a diameter range of 3.5 Å to 6.0 Å therefore during ion-exchange or 
adsorption the unhydrated copper ions would pass easily through all the clinoptilolite 
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channels. The hydrated copper ions however would be excluded by size from passing 
through the smaller diameter clinoptilolite channels. The hydrated ions could also block 
the diffusion of unhydrated ions into the clinoptilolite channels thus decreasing the 
quantity of ions exchanged onto the zeolite.   
 
3.2.2 Results and discussion of the effect of time on copper concentration 
An investigation of the effect of time on the initial copper concentration was conducted 
by mixing 2 g of clinoptilolite with 50 mL of a 10 ppm copper standard solution. Before 
mixing with clinoptilolite, the pH of the standard solution was adjusted to pH 3.00 using 
NaOH solution. During pH adjustment, less than 5 mL of 0.5 M NaOH solution was 
added to 250 mL of the 10 ppm standard. This volume would have diluted the 10 ppm 
standard by less than 2%, thus control samples were expected to have concentrations that 
were slightly less than 10 ppm. Concentration changes in the control solution, (deviation 
from 10.00 ppm) were assumed to be an error. Therefore the control errors were 
calculated and subtracted from the sample measurements and these corrected 
concentrations were used to plot graphs. Correction was also done by subtracting the 
relative control error from the calculated copper removal percentages. 
 
Table 3.2.2 shows the copper concentrations in the solutions that were at pH 3.00 while 
Figure 3.2.2 shows the concentration changes graphically. When the copper samples were 
analysed on the AA they were run with a 4.50 ppm check standard. The check standard 
was a copper standard whose concentration fell within the AA calibration curve and its 
role was to monitor the instrument response. The difference between the highest and 
lowest check standard concentration was 3.8% and the check standard %RSD was 1.8%. 
Concentration decreases occurred for both the sample and control solutions. The control 
samples, displayed concentration values that were close to 10 ppm, with relative errors 
that were less than 0.8%.  
 
The copper concentration in the solutions that contained the Z-60 tyler mesh and the Z-
clino mix were low implying that these finer particle sizes removed more copper ions 
from solution than the larger Z-1-2 mm and Z-0.5-1mm sizes. This can be attributed to 
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the greater surface area and hence greater number of readily available ion-exchange sites 
of the finer particle size zeolites compared to the larger particle sizes. This is in 
agreement with studies by researchers such as Inglezakis et al, 2004 and Kapanji et al, 
2008, whose results showed that decreasing the zeolite particle size improves the ion-
exchange capacity because of the increased particle internal surface area. 
 
Time 
(min) 
Check 
std 
Control Z-1-
2mm 
Abs Z-
0.5-
1mm 
Abs Z-60 
tyler 
mesh 
Abs Z-
clino 
mix 
Abs 
 [Cu] 
ppm 
[Cu] 
ppm 
[Cu] 
ppm 
 [Cu] 
ppm 
 [Cu] 
ppm 
 [Cu] 
ppm 
 
15 4.609 9.929 7.349 0.1031 
(±0.0020) 
5.295 0.3769 
(±0.0019) 
1.958 0.1544 
(±0.0015) 
2.270 0.1796 
(±0.00044) 
           
30 4.626 10.000 6.432 0.4467 
(±0.0067) 
4.333 0.3158 
(±0.0055) 
1.656 0.1322 
(±0.00098) 
1.283 0.1040  
(±0.0021) 
           
45 4.780 9.983 4.845 0.3485 
(±0.0095) 
3.052 0.2313 
(±0.0017) 
0.737 0.0613 
(±0.0021) 
0.965 0.0794 
(±0.0029) 
           
60 4.606 10.099 4.079 0.2995 
(±0.0059) 
3.016 0.2288 
(±0.0028) 
1.387 0.1120 
(±0.0017) 
2.008 0.1580 
(±0.00039) 
 
Table 3.2.2 AA results from the batch studies of aqueous copper exchange with 
clinoptilolite at pH 3.00 
 
 
As is evident in Table 3.2.2, the absorbance of the copper control solution after a contact 
time of 60 minutes fell above 10.00 ppm which was the concentration of the highest 
copper standard in the calibration curve. Hence the control solution concentration value 
in Table 3.2.2 was not instrument generated but was extrapolated from the calibration 
curve. In the graphs in Figure 3.2.2 the corrected copper concentrations at the contact 
time of 60 minutes have been excluded. A decrease in copper concentration occurred 
with increasing analysis time. However, concentration decreases also occurred in the 
control solutions. Therefore the control errors were determined and subtracted from the 
sample concentrations before plotting the graphs showing the variation in copper 
concentration. The corrected copper concentrations were used to plot the graphs below. 
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Figure 3.2.2 Effect of contact time on corrected copper concentration when an aqueous 
solution of copper undergoes ion-exchange with clinoptilolite at pH 3.00 
 
 
The percentage copper removal was calculated after measuring the copper concentration 
in the supernatant solution at the end of each contact time. First the difference between 
the measured copper concentration in the sample and that in the control solution was 
determined. This difference was divided by the copper concentration in the control 
solution then it was multiplied by 100 percent. The model calculation for percentage 
metal removal is shown as calculation 3 in Appendix II. The removal efficiency of metal 
ions by various adsorbents was calculated in a similar manner by Hui et al, 2005. Table 
3.2.3 shows both the corrected and uncorrected percentage copper removal.   
 
Contact 
time (min) 
Percentage copper removal 
(pH 3.00) 
Corrected percentage copper 
removal (pH 3.00) 
 Z-1-2 
mm 
Z-0.5-
1 mm 
Z-60 
tyler 
 
Z-clino Z-1-2 
mm 
Z-0.5-1 
mm 
Z-60 
tyler 
 
Z-clino 
15 26 47 80 77 25 46 80 77 
30 36 57 83 87 36 57 83 87 
45 51 69 93 90 51 69 93 90 
60 56 66 83 77 60 70 86 80 
 
Table 3.2.3 Percentage copper removal by clinoptilolite at pH 3.00 
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The finer Z-60 tyler mesh and Z-clino mix particle sizes showed corrected copper 
removals of 80% and 77% respectively after 15 minutes of contact time. Although the 
copper removal by the larger Z-1-2 mm and Z-0.5-1 mm particle sizes gradually 
increased at the end of each contact time the maximum removals were lower than those 
of the finer particle sizes. During ion-exchange or adsorption, the copper ions become 
adsorbed on the surface and in the channels of the zeolite (Erdem et al, 2004; Makurin et 
al, 2001). In the larger particle sizes, the smaller surface area means there are less 
exchange and adsorption sites for the entering copper ions hence the rate of metal uptake 
is slower. Over time, the copper uptake increases as some ions diffuse into the internal 
channels and exchange sites become available on the zeolite surface. 
 
 
Figure 3.2.3 shows the uncorrected percentage copper removal of the four clinoptilolite 
particle sizes in the solutions at pH 3.00. The removal graphs for all the metals in this 
study were plotted without subtracting the control errors. This was because other metals 
obtained very high removals such that when the relative control errors were subtracted 
the corrected removals exceeded 100%. This occurred when the calculated removal was 
high and the relative control error was negative. 
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Figure 3.2.3 Uncorrected % copper removal by the 4 clinoptilolite particle sizes 
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According to results from Makurin et al, 2001, copper(II) is efficiently adsorbed by 
clinoptilolite at pH 1-3, for about 150 minutes. This is because adsorption occurs through 
both the clinoptilolite surface and pores. At higher pH levels, the sorption mechanism 
changes as copper hydroxide begins to precipitate out. In a dilute solution, (+/- 0.05 ppm) 
dissolved copper(II) begins to precipitate out as the hydroxide at a pH of about 8.1. 
However precipitation begins at a lower pH if the solution is more concentrated. For 
example in a 20 ppm solution, copper (II) hydroxide begins to precipitate out at pH 6 
(Water Specialist Technologies LLC, 2003) and in a 50 ppm solution precipitation can 
start at pH 5.89 (Hui et al, 2005).  In this study, the batch experiments were conducted at 
pH 3.00 with a 10 ppm standard therefore hydroxide formation was unlikely to have 
occurred. The results from these ion-exchange studies reveal that all four particle sizes of 
the Pratley clinoptilolite have the capacity to remove copper(II) ions from aqueous 
solution that is at a low pH. High percentage removals can be obtained when the finer 
particle sizes are used.  
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3.3 Studies on the removal of magnesium ions from an aqueous solution by 
clinoptilolite 
 
3.3.1 Results and discussion of the effect of time on magnesium concentration 
 
Ion-exchange was facilitated using the batch method by mixing 2 g of the zeolites with 
50 mL of a 10 ppm magnesium standard. The pH of the magnesium standard was 
adjusted to pH 3.00.  Table 3.3.1 shows the AA results of the ion-exchange studies of the 
magnesium samples at pH 3.00. The relative errors of the control solutions at pH 3.00 
increased from 7.4% to 10.8% over the 60 minute contact period. In the magnesium 
repeatability results in Appendix III, a similar bias of increasing concentration with 
analysis time was evident. The magnesium AA results were included because the 
apparent concentration increase was slight. A 10.00 ppm check standard was used to 
monitor variations in the instrument response. The check standard %RSD was 2.3% and 
its concentration increased by less than 5% over the duration of the analysis.  
 
 
Contact 
time 
(min) 
Check 
std 
Control Z-1-
2 
mm 
Abs Z-
0.5-1 
mm 
Abs Z-60 
tyler 
mesh 
Abs Z-
clino 
mix 
Abs 
 [Mg] 
ppm 
 [Mg] 
ppm 
 [Mg] 
ppm 
 [Mg] 
ppm 
 [Mg] 
ppm 
 
15 10.734 10.739 8.107 0.3132 
(±0.0078) 
6.762 0.2673 
(±0.0066) 
5.017 0.2050 
(±0.0046) 
5.595 0.2260 
(±0.0045) 
           
30 11.028 10.833 7.069 0.2779 
(±0.0014) 
5.599 0.2262 
(±0.0022) 
5.655 0.2282 
(±0.0051) 
5.736 0.2311 
(±0.00057) 
           
45 11.292 11.021 6.318 0.2518 
(±0.0037) 
5.085 0.2075 
(±0.0015) 
5.821 0.2341 
(±0.0029) 
6.599 0.2616 
(±0.0019) 
           
60 11.241 11.083 5.2188 0.2124 
(±0.0032) 
4.653 0.1916 
(±0.0028) 
5.372 0.2180 
(±0.0049) 
6.252 0.2494 
(±0.0049) 
           
 
Table 3.3.1 AA results of batch studies of aqueous magnesium exchange with 
clinoptilolite at pH 3.00 
 
In Table 3.3.1 it can be seen that the solutions with finer particle sizes had lower 
magnesium concentrations after the first 15 minutes of contact. Due to their larger surface 
areas and hence more exchange sites, the finer particle sizes could remove more 
magnesium ions. However, after 60 minutes of contact time, the larger Z-0.5-1mm 
 33
particle size seems to have removed slightly more magnesium ions than the finer Z-60 
tyler mesh and Z-clino mix sizes. This is also evident in the graphs in Figure 3.3.1. 
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Figure 3.3.1 Effect of contact time on corrected magnesium concentration when an 
aqueous magnesium solution undergoes ion-exchange with clinoptilolite at pH 3.00 
  
Table 3.3.2 reflects the corrected and uncorrected magnesium removals. Calculation 3 in 
Appendix II shows how the metal percentage removals were calculated. The removal of 
magnesium ions from aqueous solution by clinoptilolite is low when compared to the 
removal of copper. The overall corrected removal range for magnesium ions by the four 
Pratley clinoptilolite particle sizes was 18 to 47% yet under the same experimental 
conditions the corrected removal range for copper was 27 to 93%.   
 
No. of 
measurem
ents 
Percentage magnesium 
removal (pH 3.00) 
Corrected magnesium removal 
(pH 3.00) 
 Z-1-2 
mm 
Z-0.5-
1 mm 
Z-60 
tyler 
 
Z-clino Z-1-2 
mm 
Z-0.5-1 
mm 
Z-60 
tyler 
 
Z-clino 
1 25 37 53 48 18 30 46 41 
2 35 48 48 47 27 40 40 39 
3 43 54 47 40 33 44 37 30 
4 53 58 52 44 42 47 41 33 
 
Table 3.3.2 Percentage magnesium removal by clinoptilolite at pH 3.00 
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Magnesium ions have a small radius of 0.66 Å, (GSA Resources Inc, 2000). In addition 
to their small size, magnesium ions are also divalent thus they are more attracted to 
exchange sites than larger ions or monovalent ions (Top and Ulkru, 2004). However, 
small, highly charged cations are easily hydrated therefore the radius of the hydrated 
magnesium ions increases to 4.30 Å, (Barros et al, 2003). The generally low uptake of 
magnesium ions by clinoptilolite is attributed to the increased radius of hydrated 
magnesium ions, which become excluded from the smaller clinoptilolite channels. Pratley 
clinoptilolite channels have a dimension range of 3.5-6.0 Å (Pratley Perlite Mining Co., 
2000).  
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Figure 3.3.2 Uncorrected % magnesium removal by the 4 clinoptilolite particle sizes 
 
Magnesium ions are contained in the Pratley given formula for clinoptilolite, 
(MgCaNa2K2)2.5(AlO2)7(SiO2)30.21H2O. The Mg, Ca, Na and K ions in the given formula 
are not part of the rigid aluminosilicate framework of the zeolite. Instead they are weakly 
bonded to the channels of the zeolite framework and can be reversibly removed from the 
zeolite, (Dyer, 1988; Li, 1999; Barros et al, 1997). The aim of zeolite activation with an 
aqueous solution of sodium chloride was to replace the exchangeable cations, (Mg, Ca, 
and K) with sodium ions. It was expected that during ion-exchange, magnesium ions in 
solution would easily be taken up by clinoptilolite because they were part of the original 
exchangeable ions on the zeolite. However the results from this study indicate that the 
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uptake of magnesium ions by clinoptilolite is low or clinoptilolite does not display an 
affinity for magnesium ions.  
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3.4 Studies on the removal of lead ions from an aqueous solution by clinoptilolite 
 
3.4.1 Results and discussion of the effect of time on lead concentration 
 
 
To facilitate ion-exchange, 2 g of clinoptilolite were mixed with 50 mL of a lead standard 
at pH 3.00. Table 3.4.1 shows the AA results of the lead samples. The concentrations of 
the control solutions were close to 10.00 ppm with control errors in the range -5 to -1%.  
A 4.50 ppm check standard was run with the lead samples. The %RSD in the check 
standard was 3.2% while the maximum concentration change was 6.8%. The low lead 
concentration after 15 minutes of contact indicates that lead removal by all four 
clinoptilolite particle sizes was high. The calculated detection limit for lead, (Table 3.1.3) 
was 0.32 ppm. The lead concentration in the samples that contained the Z-60 tyler mesh 
and the Z-clino mix were below 0.32 ppm after 15 and 30 minutes of contact time. This 
creates uncertainty about the reliability of these four measurements but even the larger 
particle sizes in Table 3.4.1 had low sample concentrations for lead, which indicates high 
removals. 
 
 
Contact 
time 
(min) 
Check 
std 
Control Z-1-
2 
mm 
Abs Z-
0.5-1 
mm 
Abs Z-60 
tyler 
mesh 
Abs Z-
clino 
mix 
Abs 
 [Pb] 
ppm 
[Pb] 
ppm 
[Pb] 
ppm 
 [Pb] 
ppm 
 [Pb] 
ppm 
 [Pb] 
ppm 
 
15 4.370 9.545 1.850 
 
0.0261 
(±0.0012) 
0.554 
 
0.0082 
(±0.0014) 
0.082 
 
0.0012 
(±0.00084) 
0.041 
 
0.0006 
(±0.00079) 
           
30 4.666 9.600 0.705 
 
0.0102 
(±0.00046) 
0.720 
 
0.0010 
(±0.00030) 
0.240 
 
0.0035 
(±0.0013) 
0.253 
 
0.0037 
(±0.00069) 
           
45 4.666 9.612 0.820 
 
0.0120 
(±0.00059) 
0.330 
 
0.0049 
(±0.00051) 
0.545 
 
0.0080 
(±0.00054) 
0.530 
 
0.0079 
(±0.00053) 
           
60 4.650 9.905 0.771 
 
0.0113 
(±0.00079) 
0.813 
 
0.0119 
(±0.0011) 
0.510 
 
0.0075 
(±0.00099) 
0.500 
 
0.0074 
(±0.00092) 
           
 
Table 3.4.1 AA results from the batch studies of aqueous lead exchange with clinoptilolite 
at pH 3.00 
 
Figure 3.4.1 shows graphs of the corrected lead removal at pH 3.00 against contact time. 
A large initial concentration drop occurred for all four clinoptilolite particle sizes. The Z-
60 tyler mesh and Z-clino mix concentrations were so low that negative values were 
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obtained after control error subtraction. The likely cause of the negative result would be 
errors in the analytical result and in the control results as they were obtained when the 
value of the control error was larger than the value of the sample concentration at a given 
contact time. The control errors in the lead ion-exchange studies were in the range -5% to 
-1%. 
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Figure 3.4.1 Effect of contact time on corrected lead concentration when an aqueous 
lead solution undergoes ion-exchange with clinoptilolite at pH 3.00 
 
 
Table 3.4.2 reflects the percentage lead removal by clinoptilolite at pH 3.00. All four 
particle sizes displayed high lead removals. Figure 3.4.2 shows the uncorrected lead 
removals. The high lead removal is in agreement with the results from several authors 
who have conducted studies which concluded that clinoptilolite has a high selectivity 
towards lead ions in solution, (Culfaz et al, 2003, Inglezakis et al, 2001, 2003; Petrus et 
al, 2003). The removal of lead ions from aqueous solution can occur through three ways, 
ion-exchange, physical adsorption and precipitation (Bektas et al, 2003; Turan et al, 
2005). The removal of lead(II) ions by clinoptilolite occurs by ion-exchange and 
adsorption but after pH 6.00, the removal is also due to the precipitation of lead(II) into 
the hydroxide, (Bektas et al, 2004; Turan et al, 2005). 
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No. of 
measurem
ents 
Percentage lead removal (pH 
3.00) 
Corrected lead removal (pH 3.00) 
 Z-1-2 
mm 
Z-0.5-
1 mm 
Z-60 
tyler 
 
Z-clino Z-1-2 
mm 
Z-0.5-1 
mm 
Z-60 
tyler 
 
Z-clino 
1 81 94 99 99 86 99 104 104 
2 93 93 98 97 97 97 102 101 
3 91 97 94 94 95 101 98 98 
4 92 95 95 95 93 96 96 96 
 
Table 3.4.2 Percentage lead removal by clinoptilolite at pH 3.00 
 
Results from a study of the sodium–lead stoichiometry by Bektas et al, 2004 revealed that 
only 50% of lead removal was through ion-exchange. In their experiments, 0.5 g of 
clinoptilolite was mixed with 50 mL of a lead standard solution of various concentrations 
from 25 to 2500 mg/L. 
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Figure 3.4.2 Uncorrected % lead removal by the 4 clinoptilolite particle sizes  
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CHAPTER 4 
   
INDUCTIVELY-COUPLED PLASMA RESULTS FROM THE BATCH 
EXPERIMENTS AT PH 3.00 
 
When this study was initially undertaken FAAS was the method selected for the 
determination of the concentration of metal ions in the samples.  However persistent 
control errors were obtained in the samples that were analysed by FAAS therefore 
another analytical technique, ICP was used. The ICP was introduced as a second method 
of analysis so that there was greater confidence in the obtained results. Another reason 
was to establish if the control errors that occurred in the AA results would also occur in 
the ICP results. The initial batch experiments for FAAS analysis were conducted with 
solutions that were at pH 7.00, pH 5.50 and pH 3.00. The batch experiments for ICP 
analysis were conducted only at pH 3.00. This was because the AA results had shown 
that pH 3.00 was the pH at which most metals had the lowest control errors and some of 
the selected metals due to their chemistry were inclined to precipitate out of solution as 
their hydroxides, at higher pH values influencing the metal ion concentration, (Top et al, 
2004).  
  
4.1 Sample preparation for ICP analysis 
The samples to be analysed on the ICP were prepared using the method that is described 
in the Experimental in section 2.2 of Chapter 2. The aim of this equilibrium method was 
to accumulate metal ions on the zeolite by repeatedly exposing 1 g of clinoptilolite to the 
metal standard solution until there was no or very little change in the metal ion 
concentration over successive equilibrium cycles. A similar method was used by Mwale, 
2000 to accumulate ammonium ions on 1 g of clinoptilolite. The concentration units of 
the metal standard solutions were changed from parts per million, (ppm) to millimoles 
per liter, (mmol/L) so that all the metal standards used were equimolar. All the metal 
solutions were prepared by stirring 50 mL of a 0.2 mmol/L metal standard solution with 
1g of zeolites for the equilibrium studies and 2 g of zeolites for the ion-exchange studies. 
The unadjusted standard solutions had a pH range of 1.69 to 2.74. The metal standard 
solutions were adjusted to pH 3.00 using potassium hydroxide solution. When the set 
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contact times had elapsed, a few mL of the supernatant solution were pipetted and filtered 
using Whatman 41 filter paper. The ICP is more sensitive than FAAS therefore the 
filtered solutions were acidified with 0.1 M nitric acid solution and diluted before 
analysis. The copper, iron and nickel samples were diluted ten times by pipetting 2 mL of 
the filtered sample into a 20 mL flask, adding 2 mL of nitric acid and making up to the 
mark with deionized water. The lead samples were diluted four times by pipetting 5 mL 
of the filtered sample into a 20 mL flask, adding 2 mL of nitric acid and making up to the 
mark. 
 
4.2 ICP results and discussion of the effect of time on concentration 
4.2.1 Copper, Cu(II) batch studies with clinoptilolite 
 
In the copper ion-exchange experiments for ICP analysis, a 12.72 ppm copper standard 
was prepared and mixed with 2 g of the Z-0.5-1 mm clinoptilolite size. 12.72 ppm of 
copper is equivalent to 0.2 mmol/L of copper. Calculation 6 in Appendix II represents a 
model calculation which shows how 10 ppm of copper was converted into mmol/L. Table 
4.2.1 shows the copper ion-exchange results as obtained from the ICP. The check 
standard results were acceptable as the concentration changes were less than 5.5%. The 
concentration of copper in the control solutions was expected to be about 1.272 ppm after 
dilution. The relative errors in the control solutions were in the range 2.8% to 10%. To 
compensate for the errors, the relative errors were subtracted from the percentage 
removal. 
 
 Concentration   
(ppm) 
pH   Concentration   
(ppm)
pH after 
exposure
Uncorrected 
removal
Corrected 
removal 
Concentration   
(ppm) 
Contact 
time 
(min) 
Control  
(Diluted 10x) 
Control   Relative 
control 
error 
Z-0.5-1mm  
sample (Dil 
10x) 
Z-0.5-
1mm  
sample 
Percentage 
copper 
removal 
Percentage 
copper 
removal 
0.15 ppm 
Check std  
15 1.307 3.01 2.8 0.634 3.11 51 48 0.142 
30 1.322 3.01 3.4 0.405 3.24 69 66 0.144 
45 1.328 3.00 4.4 0.413 3.26 69 65 0.148 
60 1.401 2.99 10 0.354 3.37 74 64 0.144 
 
Table 4.2.1 ICP results from ion-exchange experiments with a copper standard at pH 
3.00 
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The sample pH was monitored by measuring it before and after each contact period. 
Small pH changes occurred in the control solutions as a result of random errors. The 
control pH was in the range 2.99 to 3.01. An increase in pH occurred with increasing 
contact time in the samples that contained clinoptilolite. It is known that hydrogen ions in 
an acidic solution compete with metal cations for exchange or adsorption sites on the 
zeolite (Erdem et al, 2004; Gunay et al, 2007)). The pH in the control solutions remained 
around pH 3.00 because they contained no zeolites while the pH in the sample solutions 
increased because more H+ ions were taken up by the zeolite as the contact time 
increased. The corrected percentage copper removal by the Z-0.5-1 mm clinoptilolite 
increased from 48% to 64% in the 15 to 60 minutes of contact time. The corrected copper 
removal by the Z-0.5-1 mm clinoptilolite in the AA studies ranged from 46 to 70%. Thus 
the copper removal results from the ICP and AA analysis were comparable. 
 
In the copper equilibrium experiments 1 g of the Z-0.5-1 mm clinoptilolite was mixed 
with 50 mL of a 0.2 mmol/L standard solution that was at pH 3.00 for 24 hours. After 24 
hours the solution was filtered, acidified, (2 mL of 0.1M HNO3) and diluted, (2 mL : 20 
mL) before being analysed on the ICP. The remaining supernatant solution was decanted 
and a freshly prepared 50 mL aliquot of the 0.2 mmol/L standard was mixed with the 
same Z-0.5-1 mm clinoptilolite sample as per method by Mwale, 2000.  This equilibrium 
method was chosen to simulate repeated exposure of 1 g of the zeolite until saturation as 
may be carried out practically on an industrial scale using columns.  In column studies by 
Stylianou et al, 2007 the flow of solution into the column was stopped when the 
concentration of the sample at the exit of the column, (effluent) reached 5-10% of the 
influent. Similarly, Turan et al, 2005 terminated the process when the ratio of the effluent 
concentration to the influent concentration approached 1.0. In this study the batch studies 
method was used to repeatedly expose the zeolite to the metal ion was so as to saturate 
the zeolite but in column studies a second in-line column would trap the ions after the 
breakthrough from the first column. 
 
In preliminary batch equilibrium studies with a copper standard, 1 g of the zeolite was 
kept in contact with a copper standard solution for 48 hours. Then the supernatant 
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solution was analysed for copper ions on the AA. The same 1 g of zeolite was exposed to 
fresh copper standard solution and equilibrated for 48 hours. This process was repeated 
over five cycles. The copper concentration decreased with each equilibrium cycle but 
after ten days of exposure, a point had not been reached where the copper concentration 
in the supernatant solution was equal to the initial standard concentration hence it was 
concluded that the zeolite had not reached saturation. After the third 48 hour cycle the 
concentration change was small. Due to the time left for the study and the number of 
samples that had to undergo batch equilibrium studies, the equilibrium studies were 
reduced to four 24 hour cycles. Table 4.2.2 shows the copper equilibrium study results. 
The relative errors in the control solutions were below 5%. The change in the check 
standard concentration was approximately 5% for the duration of the ICP analysis. 
 
 
 Concentration 
(ppm) 
pH  Concentration 
(ppm) 
pH after 
exposure 
Uncorrected 
removal 
Corrected 
removal 
Concentration 
(ppm) 
Contact 
time 
(hours) 
Copper 
control  
(Diluted 10x) 
 
Control   Relative 
control 
error 
Z-0.5-1mm  
(Dil 10x) 
Z-0.5-1 
mm  
Percentage 
copper 
removal 
Percentage 
copper 
removal 
0.150 ppm 
Check std  
24 1.210 3.06 -4.9 0.285 3.89 76 81 0.146 
48 1.311 3.05 3.1 0.762 3.45 42 39 0.147 
72 1.303 3.06 2.4 1.289 3.24 1   - 0.142 
96 1.267 3.08 1.9 1.384 3.21 -0.07   - 0.143 
 
Table 4.2.2 ICP results from equilibrium experiments with a copper standard at pH 3.00 
 
In the copper equilibrium results, the sample pH after exposure increased from the initial 
pH of 3.00 but decreased towards the end of each equilibrium cycle. The uptake of H+ 
ions decreased with each equilibrium cycle because the exchange sites were becoming 
saturated and fewer were available for ion-exchange or adsorption. Zeolites are porous in 
nature and adsorption occurs in stages (Hui et al, 2005). The cations first transfer from 
the solution onto the zeolite surface then the cations transfer from the zeolite surface into 
the internal exchange sites, lastly the cations interact with available sites on the zeolite 
surface and in the internal cavities. Thus the uptake of copper ions also decreased with 
each equilibrium cycle as more ions had to diffuse into the internal zeolite channels. The 
percentage copper removal was high at 76% after the first equilibrium cycle. However, as 
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fewer exchange sites became available, the percentage copper removal decreased such 
that there was almost no copper ion removal during the last two equilibrium cycles.  The 
columns containing the corrected and uncorrected percentage removals in Table 4.2.1 
reflect this. 
 
It was difficult to obtain results for comparison because the experimental conditions used 
in various similar investigations were not identical to the ones used in this study. The 
maximum exchange obtained by Erdem et al, 2004 in copper equilibrium studies, (1g:50 
mL) where the equilibrium time was 5.5 hours was 66.1%. The concentration of the 
copper standards was in the range 50 to 400 mg/L.  Although a comparison between the 
obtained results and published ones is helpful, the results are usually obtained under 
different experimental conditions therefore the published results should be carefully used 
(Doula, 2009). 
 
Figure 4.2.1 is an isotherm showing the cumulative amount of copper on 1 g of the Z-0.5-
1 mm clinoptilolite. A model calculation showing how the cumulative mass of the metal 
was calculated is shown as calculation 2 in Appendix II (Mwale, 2000). The maximum 
mass of copper that could be removed from a 0.2 mmol/L solution by 1 g of the zeolite 
was determined to be 2.54 mg. This mass was calculated as follows: 
 
12.72 mg/L x 50 mL x 4 = 2.54 mg 
 
where, 12.72 mg/L or 0.2 mmol/L was the concentration of the copper standard 
 50 mL was the volume of metal standard added per equilibrium cycle 
 4 was the number of equilibrium cycles 
In this study the total copper uptake by the zeolite was calculated to be 0.744 mg which is 
only 29% of the maximum amount. The percentage copper removal from the ion-
exchange results and from the first equilibrium cycle indicates that clinoptilolite has an 
affinity for copper ions therefore this low overall copper ion uptake in the equilibrium 
studies was not expected. It is evident that the despite the theoretical capacity that the 
clinoptilolite sample still had for copper removal, after 72 hours the removal was 
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inefficient. The inefficient removal is probably to the slow diffusion of hydrated copper 
ions into the clinoptilolite channels and possible obstruction of the narrow channels by 
the large aqua complexes. 
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Figure 4.2.1 Isotherm of cumulative copper on the Z-0.5-1 mm clinoptilolite 
       
Although many researchers have tested the adsorption capacity of clinoptilolite samples, 
the results have been difficult to compare, (Sprynskyy et al, 2006). Results from Doula et 
al, 2008 show that untreated clinoptilolite had a copper adsorption capacity of 0 mg/g to 
22 mg/g depending on the solution concentration and pH. In the same study, a 
clinoptilolite-iron(III) oxide system had a copper adsorption capacity that ranged from 
27.9 mg/g to 40.3 mg/g. The discrepancy of the published data may be caused by 
mineralogical and chemical features of the clinoptilolite as well as by experimental 
parameters, (Sprynskky et al, 2006). 
 
 
The copper equilibrium data were not fitted into the linearised Langmuir and Freundlich 
isotherms because of the low removal of copper ions in equilibrium cycles 3 and 4. The 
amount of copper removed, X was either very low or negative thus there were 
insufficient data points to plot the isotherms. The negative values were obtained when the 
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copper concentration in the sample was larger than the concentration in the control 
solution. Results by Erdem et al 2004 and Sprynskky et al 2006, show that data from 
copper equilibrium studies fit both the Langmuir and Freundlich isotherms. 
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4.2.2 Nickel, Ni(II) batch studies with clinoptilolite 
A 0.2 mmol/L, (11.73 ppm) nickel standard at pH 3.00 was prepared for the batch 
experiments. In the ion-exchange studies 50 mL of the nickel standard was mixed with 2 
g of the Z-0.5-1 mm clinoptilolite. In the equilibrium studies 50 mL of the nickel 
standard was mixed with 1 g of the Z-0.5-1 mm clinoptilolite.  Prior to analysis on the 
ICP the samples were acidified with 2 mL nitric acid and diluted in a 2 mL: 20 mL ratio. 
The nickel standard solution had a concentration of 11.73 ppm hence the diluted control 
solutions were expected to have concentrations of about 1.173 ppm.  Table 4.2.3 shows 
the nickel ion-exchange results as obtained from the ICP. The control errors were in the 
range 6.7% to 9%. The fluctuation in the check standard concentrations was less than 5% 
over the duration of the analysis. The nickel removal in these ion-exchange studies was 
high. The maximum corrected nickel removal was 92%. 
 
 
 Concentration 
(ppm) 
pH  Concentration 
(ppm)
pH after 
exposure
Uncorrected 
removal
Corrected 
removal 
Concentration 
(ppm) 
Contact 
time 
(min) 
Control  
 
Control Relative 
control 
error 
Z-0.5-1mm  Z-0.5-
1mm 
Percentage 
nickel 
removal 
Percentage 
nickel 
removal 
0.15 ppm 
Check std  
15 1.094 3.04 -6.7 0.305 3.57 72 79 0.144  
30 1.092 3.03 -6.9 0.234 3.60 79 86 0.145 
45 1.089 3.04 -7.4 0.209 3.63 81 88 0.143 
60 1.066 3.05 -9 0.186 3.78 83 92 0.148 
 
Table 4.2.3 ICP results from ion-exchange experiments with a nickel standard at pH 3.00 
 
Results from various studies, (Argun, 2007 and Sprynskyy et al, 2006) show that initial 
heavy metal removal by clinoptilolite is high but after 30-45 minutes of contact time the 
removal efficiency of clinoptilolite decreases. In the initial removal stage, the rate of 
cation transfer from the bulk solution onto the zeolite surface is fast as exchange sites are 
available. In the second stage of the process the diffusion of the cations on the zeolite 
surface into the zeolite channels occurs, (Hui et al, 2005). Diffusion of the ions into the 
deeper layers of the zeolite crystal is slow (Sprynskyy et al, 2006) hence the metal 
removal rate decreases.  
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The pH in the nickel samples increased from 3.57 to 3.78 while the pH range of the 
nickel control solutions remained fairly constant. Under acidic conditions, hydrogen ions 
compete with the nickel ions for the clinoptilolite surface leading to a higher solution pH. 
The zeolite surface becomes covered with hydrogen ions because nickel ions cannot 
compete with H+ for exchange sites (Argun, 2007). Higher nickel removals are obtained 
when the solution is at a higher pH.  Table 4.2.4 shows the nickel equilibrium study 
results. 
 
 
 Concentration 
(ppm) 
pH  Concentration 
(ppm) 
pH after 
exposure 
Uncorrected 
removal 
Corrected 
removal 
Concentration 
(ppm) 
Contact 
time 
(hours) 
Nickel control  
 
Control   Relative 
control 
error 
Z-0.5-1mm  Z-0.5-1 
mm  
Percentage 
nickel 
removal 
Percentage 
nickel 
removal 
0.150 ppm 
Check std  
24 1.103 3.03 -5.5 0.848 3.77 23  29 0.146 
48 1.137 3.03 -3.1 1.108 3.38 2.6 6 0.146 
72 1.140 3.00 -2.8 No 
sample 
3.19 - - 0.141 
96 1.143 3.05 -1.6 1.263 3.17 -10.5 - 0.143 
 
Table 4.2.4 ICP results from equilibrium experiments with a nickel standard at pH 3.00 
 
The sample generated during the third equilibrium cycle could not be analysed on the ICP 
as it accidentally spilt during storage. The trend in Table 4.2.4 was that the nickel 
concentration in the supernatant solution increased with each equilibrium cycle. This 
implies that fewer exchange sites became available with each equilibrium cycle. For the 
same reason the percentage nickel removal decreased with each equilibrium cycle. The 
percentage removal was calculated by first subtracting the sample concentration from the 
control concentration then dividing the difference by the control concentration. A 
negative value such as the -10.5 % that was obtained after 96 hours of exposure, because 
the sample concentration was greater than the concentration in the control solution. As 
such the negative value could not be used in calculations such as those for the Langmuir 
equation. Compared to copper, the nickel removal was low after all the equilibrium 
cycles. Studies by Sprynskyy et al, 2006 revealed that although nickel ions are quickly 
taken up by clinoptilolite in contact times between 30-45 minutes, beyond this time 
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desorption of the nickel ions occurs. This is due to counter diffusion of the exchangeable 
cations which move from deeper layers of the zeolite crystal towards the surface.  
 
The equilibrium results from this study showed that after 24 hours of contact between 1 g 
of clinoptilolite with 50 mL of a 0.2 mmol/L nickel standard only 0.128 mg of nickel was 
removed. Calculation 2 in Appendix II shows how the cumulative mass of the metal ions 
on 1 g of clinoptilolite was calculated. From the data in Table 4.2.4, the nickel removal 
was only 23% in the first equilibrium cycle. Results by Rajic et al, 2010 showed that 1.9 
mg of nickel was removed by 1 g of clinoptilolite when it was equilibrated for 24 hours 
with 100 mL of a 100 ppm nickel standard giving a low nickel removal of 19%.  
 
Transition metals form stable complexes with water molecules and other ligands due to 
their accessible d-orbitals. Thus copper and nickel both form aqua complexes but the 
hydrated nickel complexes are highly stable resulting in the lower removals by 
clinoptilolite (Inglezakis et al, 2004). Nickel(II) has a unhydrated radius of 0.72 Å and a 
hydrated radius of 4.04 Å (Mabasherpour et al, 2010). Thus the hydrated nickel will 
become mechanically excluded from the narrower clinoptilolite channels which have 
channels that are 3.5 Å.   
 
In this study the removal of nickel by clinoptilolite was lower than that of copper in the 
equilibrium studies where the contact time was 24 hours. However, in the ion-exchange 
studies, (results in table 4.2.3) which had a maximum contact time of 1 hour, the nickel 
removal was higher than that of copper. From the nickel results in this study, it can be 
concluded that Pratley clinoptilolite has a high affinity nickel ions when the contact time 
is about an hour otherwise nickel removal becomes poor. The nickel concentration could 
not be measured for the sample from equilibrium cycle 3 and no nickel was removed 
during equilibrium cycle 4. A negative value was obtained in equilibrium cycle 4 because 
the nickel concentration in the control solution was lower than the nickel concentration in 
the sample. Due to insufficient data points no isotherms were plotted from the nickel 
equilibrium results. 
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4.2.3 Lead, Pb(II) batch studies with clinoptilolite 
In the ion-exchange studies, 50 mL of a 0.2 mmol/L, (41.4 ppm) lead standard was mixed 
with 2 g of the Z-0.5-1 mm clinoptilolite. The samples were diluted four times prior to 
ICP analysis. The control solutions were expected to have a concentration of 10.35 ppm.  
The samples were analysed for both lead and sodium concentrations. Table 4.2.5 shows 
the ion-exchange results.  The range of the relative control errors was -8.8 to 1.9%, while 
the concentration changes in the 0.150 ppm lead check standard were below 5%. The lead 
concentration in the control solutions decreased with increasing contact time. This led to 
a trend of increasing control error as is evident in Table 4.2.5. This bias indicates that 
there may have been a systematic error from either the ICP or the control samples. The 
lead samples from the equilibrium studies were analysed on a different day but on the 
same ICP and this bias is not evident in the equilibrium study results, (Table 4.2.6). 
 
 Sodium 
concentra
tion 
(ppm) 
Lead  
concentra
tion 
(ppm) 
pH  Sodium 
concentra
tion 
(ppm) 
Lead 
concentra
tion 
(ppm) 
pH after 
exposure 
Uncorrected 
removal 
Corrected 
removal 
Lead 
Concentrat
ion (ppm) 
Contac
t time 
(min) 
Control  Control s Control   Relative 
control 
error 
Z-0.5-
1mm 
sample 
Z-0.5-
1mm  
Sample 
Z-0.5-1 
mm 
sample 
Percentage 
lead 
removal 
Percentage 
lead 
removal 
0.150 ppm 
Check std 
15 3.0 10.55 3.04 1.9 48 3.771 3.36 64 62 0.149 
30 2.6 9.627 3.01 -6.9 56 1.637 3.43 83 90 0.155 
45 3.0 9.489 3.02 -8.3 61 1.035 3.51 89 97 0.154 
60 2.6 9.444 3.04 -8.8 66 0.802 3.56 92 100  ------ 
 
Table 4.2.5 ICP results from ion-exchange experiments with a lead standard at pH 3.00 
 
From the results in Table 4.2.5 it is clear that the control solutions which contained no 
zeolites had about 3 ppm of sodium ions while the sodium concentration in the samples 
that contained zeolites was in the range 48 to 66 ppm. This increase in the concentration 
of sodium ions in the sample solutions indicates that the clinoptilolite was the source of 
the sodium ions in the solution. The concentration of sodium ions increased with 
increasing contact time. Meanwhile, the lead concentration in the samples decreased with 
increasing contact time. In the stoichoimetric relationship between lead and sodium ions 
which is depicted in the equation below, it can be seen that for every lead ion that is taken 
up by clinoptilolite, two sodium ions must be released from the zeolite. 
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Pb2+(aq)  +  2Na+(s)       Pb2+(s)    +    2Na+(aq)  
 
Calculations were performed using the results in Table 4.2.5 but the stoichiometric 
relationship could not be established as the results showed that only 4% of the sodium 
ions in the solution were due to ion-exchange. Calculation 7 in Appendix II is a model 
calculation which shows how the excess sodium ions were calculated in a copper-sodium 
exchange reaction. A potassium hydroxide solution was used for pH adjustment in the 
ICP studies therefore there was no other source of sodium in the sample. Zeolites are 
weakly acidic in nature and those whose exchangeable cations have been converted into 
the sodium form are usually selective for H+ ions. This leads to a greater concentration of 
sodium ions in the solution and to higher pH values (Kapanji et al, 2008; Erdem et al, 
2004). Studies by Doula et al, 2008 revealed that the concentrations of exchangeable 
cations such as calcium, magnesium, sodium and potassium ions slightly increase when 
clinoptilolite is brought into contact with a water sample. This increase was attributed to 
the dissolution of zeolite impurities. Thus some of the excess sodium ions obtained in the 
solution in this study could be from the dissolution of impurities in the clinoptilolite. 
 
It is evident that the removal of lead by the Z-0.5-1 mm clinoptilolite was high in both the 
ion-exchange results, (Table 4.2.5) and in the equilibrium results, (Table 4.2.6). The 
corrected lead removals exceed 100% in the samples measured after 60 minutes of 
contact time and after equilibrium cycle 1. This occurred when a negative relative control 
error was subtracted from a high metal removal. The range of the relative control errors 
in the ion-exchange studies was -8.8 to 1.9%. The pH changes in the ion-exchange 
samples, (Table 4.2.5) indicate that more hydrogen ions were being removed by the 
clinoptilolite with increasing contact time. Simultaneously the amount of lead ions 
exchanged increased with increasing contact time. This means that at the end of the 60 
minutes of contact time, exchange sites were still available on the zeolite. 
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 Concentration 
(ppm) 
  Concentration 
(ppm) 
 Uncorrected Corrected Concentration 
(ppm) 
Contact 
time 
(hours) 
Lead control  
 
Control  
pH 
Relative 
control 
error 
Z-0.5-1mm  Z-0.5-
1 mm 
pH 
Percentage 
lead 
removal 
Percentage 
lead 
removal 
0.150 ppm 
Check std  
24 9.579 3.09 -7.4 0.264 3.84 97 104 0.153 
48 9.830 3.08 -5.0 1.577 3.31 84 89 0.149 
72 9.233 3.09 -10.8 2.3.16 3.18 75 86 0.148 
96 9.775 3.06 -5.6 3.481 3.12 64 70  ------ 
 
Table 4.2.6 ICP results from equilibrium experiments with a lead standard at pH 3.00 
 
The pH of the equilibrium samples increased from pH 3.00 for all four equilibrium 
cycles. However, there was a decrease in pH with each successive equilibrium cycle, 
indicating that fewer hydrogen ions were being exchanged onto the clinoptilolite with 
each equilibrium cycle. At the same time fewer lead ions were being taken up by the 
zeolite because most of the exchangeable sites were saturated. Both the ion-exchange and 
equilibrium study results show high percentage lead removals especially when compared 
to copper and nickel removals. The results in this study are in agreement with the work of 
other researchers who have stated that where clinoptilolite is the adsorbent, lead has a 
superior selectivity against ions such as copper, cadmium, chromium and nickel 
(Inglezakis et al, 2001; Sprynskyy et al, 2006). 
 
Some differences in ion-exchange selectivity for cations could be attributed to the 
necessity to reject some water molecules of highly hydrated ions to permit diffusion of 
ions through the zeolite structure (Inglezakis et al, 2004). Compared to copper and nickel, 
lead has a lower hydration energy which may be an explanation for the higher selectivity 
of lead. The enthalpy of hydration is the amount of energy released when a mole of the 
ion dissolves in a large amount of water forming an infinite dilute solution, (Minceva et 
al, 2007). The enthalpy of hydration for Pb2+ is -1480 kJ/mol while enthalpies of 
hydration for Cu2+ and Ni2+ are 2119 kJ/mol and 2106 kJ/mol respectively 
(Mabasherpour et al, 2010; Minceva et al, 2007). As a result, hydrated lead loses its water 
ligands more readily than copper and nickel forming the bare lead(II) ion. The 
unhydrated lead(II) ion has a radius of 1.32 Å while the hydrated lead(II) ion has a radius 
of 4.01 Å (Mabasherpour et al, 2010; Minceva et al, 2007). Thus lead(II) removal by 
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clinoptilolite is high because of its ability to lose some or all its water ligands thus 
forming ions of reduced radius and better ability to diffuse through all the clinoptilolite 
channels. 
 
Figure 4.2.2 is an isotherm showing the cumulative amount of lead on 1 g of the Z-0.5-1 
mm clinoptilolite at pH 3.00. The maximum mass of lead that could be removed from a 
0.2 mmol/L lead solution by 1 g of the zeolite was determined to be 8.28 mg. This value 
was obtained by determining the product of the concentration of the lead standard, the 
volume of the standard used in each equilibrium cycle and the number of equilibrium 
cycles : 41.4 mg/L x 50 mL x 4 = 8.28 mg. 
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Figure 4.2.2 Isotherm of cumulative lead on the Z-0.5-1 mm clinoptilolite 
 
The total amount of lead removed by 1g of the Z-0.5-1 mm clinoptilolite after four 24 
hour exposures was 6.16 mg which is 74% of the maximum amount. This percentage 
confirms the affinity of clinoptilolite for lead ions.  Calculation 2 in Appendix II shows 
how the cumulative mass of the metal on 1 g of clinoptilolite was determined. 
 
The equilibrium data were fitted into the linearised Langmuir and Freundlich equations 
so that isotherms could be plotted. The Langmuir equation is listed as equation 1 in 
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Appendix I while the Freundlich equation is equation 2. These isotherms are shown in 
Figures 4.2.3 and 4.2.4 respectively. Linear regression was used to calculate the 
correlation coefficients for the two isotherms. The results fitted the Langmuir isotherm 
better as the value of the coefficient was 0.9980. The coefficient for the Freundlich 
isotherm was 0.9587. The value of a correlation coefficient should approximate one thus 
the coefficient from the Freundlich isotherm had a greater deviation. 
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Figure 4.2.3 Langmuir isotherm of lead obtained using the Z-0.5-1 mm clinoptilolite 
 
 
 
In his study on the sorption kinetics on natural clinoptilolite, Li, 1999 determined that the 
adsorption of cations on materials with high surface charge density such as zeolites and 
clay materials result in bi-layer formation.  A monolayer initially forms as the cations 
adsorb on the energetically favoured  sites. However, the adsorption of cations on zeolite 
surfaces is complex because of their porous nature (Peric et al, 2004). Although the 
zeolite surface may appear to be saturated when a monolayer forms, diffusion of cations 
into energetically less favourable sites in the internal zeolite channels continues (Erdem 
et al, 2004). The results in this study suggest that in the apparent ion-exchange with 
lead both monolayer and multilayer adsorption occur on the heterogeneous clinoptilolite 
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surface. This means the results show some deviation from the Langmuir and Freundlich 
assumptions. 
 
The assumptions of the Langmuir isotherm are that the surface where adsorption occurs 
is homogeneous, (or that all ion-exchange sites are equal), that no interaction occurs 
between adsorbed (exchanged) particles and that the ability of the given site to absorb is 
independent of the occupation of the neighbouring sites (Atkins, 1995; Adamson, 1990). 
The Freundlich isotherm is negative, (Figure 4.2.4) although it displays some linearity. 
The lead equilibrium data in this study fit the Langmuir isotherm better than the 
Freundlich isotherm. In their studies, Gunay et al, 2007 found that lead equilibrium data 
fitted both the Langmuir and Freundlich isotherms.  
 
8.7
8.75
8.8
8.85
8.9
8.95
9
9.05
9.1
9.15
9.2
4 5 6 7 8 9
ln
 X
ln C
Lead Freundlich isotherm
ln X
 
 
Figure 4.2.4 Freundlich isotherm of lead obtained using the Z-0.5-1 mm clinoptilolite 
 
 
4.2.4 Iron, Fe(III) batch studies with clinoptilolite 
In the iron batch experiments, 2 g of each of the four clinoptilolite particle sizes were 
mixed with 50 mL of a 0.2 mmol/L, (11.18 ppm) iron standard solution at pH 3.00. The 
filtered iron sample was acidified and diluted ten times before analysis. Table 4.2.7 
reflects the ICP results. The control solutions were expected to obtain concentration 
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values close to 1.118 ppm. The relative errors of the iron control solutions were in the 
range -0.4 to -8.1%. The apparent concentration changes in the check standard were less 
than 4%. 
 
 Concentratio
n (ppm) 
Concentratio
n (ppm) 
Concentratio
n (ppm) 
Concentratio
n (ppm) 
Concentratio
n (ppm)
Concentratio
n (ppm) 
Concentratio
n (ppm) 
Contac
t time 
(min) 
Control 
 
Z-1-2mm Z-0.5-1mm Z-60 tyler 
mesh 
Z-clino mix Blank 0.35 ppm 
check std 
15 1.113 0.6989 0.4957 0.1752 0.1445 0.0452 0.3551 
30 1.042 0.6552 0.5160 0.1294 0.1379 0.0449 0.3649 
45 1.027 0.7099 0.6886 0.1292 0.1358 0.0452 0.3519 
60 1.085 0.7623 0.9358 0.1510 0.2585 0.0455 0.3595 
 
Table 4.2.7 ICP results from ion-exchange experiments with an iron standard at pH 3.00  
 
The concentration decreases in the samples that contained zeolites indicate that iron was 
removed by all four particle sizes. However, the percentage removal by the larger particle 
sizes was much lower than that of the finer sizes. This difference in removal capacity 
could be attributed to the greater surface area of the finer Z-60 tyler mesh and Z-clino 
mix. Similar results were obtained in the copper AA results where the initial copper 
removal by the larger sizes was low compared to that of the finer particle sizes. However, 
the copper removal by the larger sizes gradually increased with increasing contact time. 
In these iron results, even with increasing contact time the iron removal by the larger 
particle sizes did not improve. The iron removal is shown in Table 4.2.8 and Figure 4.2.5 
below. 
 
 
Contact 
time (min) 
Control 
 
Percentage 
control 
error 
Z-1-2mm 
% iron 
removal 
Z-0.5-1mm 
% iron 
removal 
Z-60 tyler 
mesh % iron 
removal 
Z-clino mix 
% iron 
removal 
15 1.113 -0.4 37 55 84 87 
30 1.042 -6.8 37 50 88 87 
45 1.027 -8.1 31 33 87 87 
60 1.085 -3.0 30 13 86 76 
 
Table 4.2.8 Uncorrected percentage iron removal by clinoptilolite 
 56
 
The corrected percentage removal can be obtained by subtracting the control error from 
the uncorrected percentage removal. The corrected iron removal range for the Z-0.5-1 
mm clinoptilolite was 16 to 55%. The maximum corrected iron removal was 94% by the 
Z-clino mix. It can be concluded that Prately clinoptilolite effectively removes iron(III) 
ions from aqueous solution provided that the finer particle sizes are used. 
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Figure 4.2.5 Uncorrected percentage iron removed from the ion-exchange samples at pH 
3.00 
  
The iron(III) cation has a small radius of 0.64 Å (Abo-Farha et al, 2009). Due to its small 
size and high charge, strong electrostatic forces exist between iron(III) ions and water 
ligands. The high metal charge polarizes the water molecules that form the coordinate 
bond with the metal cation such that a second coordination sphere of water molecules 
forms through hydrogen bonds with the first coordination sphere. As such, the hydrated 
iron(III) has a large radius of 4.57 Å (Motsi et al, 2009). The iron(III) removal by the 
finer clinoptilolite sizes is higher because the small unhydrated iron(III) ions adsorb onto 
the zeolite sites faster and in larger quantities compared to the larger particle sizes. This is 
because of the larger surface area of the finer particle sizes and the small radius of 
iron(III) ions which will pass with ease through all the clinoptilolite channels (Motsi et al, 
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2009). Fewer iron(III) ions adsorb onto the surface of the larger particle sizes because 
they have fewer available adsorption sites. Diffusion of iron(III) ions into the narrow 
zeolite channels will be severely hindered by the size of the hydrated iron(III) complex as 
a result the rate of iron(III) removal may decrease with time. Thus the large radius of the 
hydrated iron(III) complex together with its high enthalpy of hydration may be reasons 
why the iron(III) removal by the larger particle sizes does not increase with time. 
 
4.3 Conclusion  
Comparison of ICP and AA results 
Copper and lead were the two metals whose ion-exchange samples, (pH 3.00) were 
analysed using both AA and ICP. ICP was chosen as a second analytical method so that 
more reliable results could be obtained. The repeatability studies that were done on the 
AA indicated the presence of instrumental drift for most of the metals that were initially 
part of this study. As a result of this systematic error and the size of the analytical error 
from the control solutions the AA results of the other metals were excluded from this 
study.   
 
The maximum control error for the AA ion-exchange results was less than ±5% for both 
copper and lead. The maximum control error for the ICP ion-exchange results for copper 
was 10.8% and for lead it was 8.1%.  Therefore the control errors obtained during AA 
analysis were lower. These control errors were obtained despite great caution being taken 
during sample preparation. Blank solutions consisting of deionized water were run with 
the samples during analysis and the copper and lead concentrations were near zero. 
Check standards were run with the samples and though there were small apparent 
concentration changes, the ICP response was considered to be acceptable. Possible 
sources of error in the sample preparation method used for both the AA and ICP analysis 
could have been the apparatus used or the metal stock solutions.  
 
Metal removal and selectivity 
The results from both the ICP and AA analysis indicated that clinoptilolite had the 
capacity to remove copper(II), nickel(II), iron(III), lead(II) and magnesium(II) ions 
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effectively from an aqueous solution at pH 3.00. The removal capacity differed from 
metal to metal. Lead had high removals of almost 100% in both AA and ICP analysis. 
The corrected lead removal range from the AA results by the Z-0.5-1 mm clinoptilolite 
was 97% to 100%. The corrected lead removal range from the ICP results by the Z-0.5-1 
mm clinoptilolite was 62% to 100%. Therefore the removal of lead by clinoptilolite was 
high in both AA and ICP results 
 
The corrected copper removal by the Z-0.5-1 mm size from the AA results was 46% to 
70% and from the ICP results it was 48% to 64%. These results were comparable as they 
display that clinoptilolite has an affinity for copper. The ICP ion-exchange results 
showed that the maximum corrected removal of nickel by the Z-0.5-1 mm size was 92% 
while for copper it was 64%. The ICP equilibrium study results however showed that 
after 24 hours of exposure 1 g of the Z-0.5-1 mm clinoptilolite could remove 81% of 
copper and only 29% of nickel. Both these percentage removals were corrected by 
subtracting the relative control error from the calculated percentage error. Therefore the 
results indicate that good removals can be obtained for nickel when the contact time is 
about 60 minutes or less. 
 
The ICP ion-exchange results show that iron(III) ions were effectively removed by the 
finer particle size clinoptilolite with a maximum of 94%. However, the larger Z-0.5-1 
mm size showed lower iron(III) removals with a range of 16% to 55%. The difference in 
the removal capacities of the clinoptilolite particle sizes is attributed to the greater surface 
area of the finer particle sizes. The removal of magnesium ions by clinoptilolite was low 
even with the finer particle sizes. In the magnesium studies, the larger Z-0.5-1 mm size 
had the highest magnesium removal, with a range of 30% to 47%. The finer particle sizes 
had higher initial removals but by the end of 60 minutes of contact time, the larger Z-0.5-
1 mm had removed the most magnesium ions. Based on these results the selectivity of 
Pratley clinoptilolite for these ions is Pb > Ni ≈ Cu > Fe > Mg. This series is comparable 
to the Pratley clinoptilolite selectivity series except copper is higher on the list than 
nickel. 
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Equilibrium studies and isotherms 
Batch equilibrium experiments were conducted for copper, lead and nickel. The 
percentage metal removal after the first 24 hour cycle was 76%, 97% and 23% for each 
of them respectively. The maximum amount of metal that was accumulated on 1 g of 
clinoptilolite was 0.128 mg for copper and 6.16 mg for lead. High lead removals were 
obtained after each 24 hour equilibrium cycle although the percentage removal decreased 
with each cycle. The copper removal was high only in the first equilibrium cycle, 
thereafter low removals were obtained. This was despite the removal capacity that the 
zeolite still retained. These results indicate the greater affinity that clinoptilolite has for 
lead(II) ions compared to copper(II) ions. The lead equilibrium data fitted into both the 
Langmuir and Freundlich isotherms but there was a better fit with the Langmuir isotherm. 
This suggests that monolayer and multilayer adsorption occurs on the heterogeneous 
clinoptilolite surface. There were insufficient data points to plot isotherms using the 
copper and nickel equilibrium data. 
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CHAPTER 5 
 
 
 
CONCLUSION and RECOMMENDATIONS 
 
5.1 Aims of study 
 
The main aim of this study was to use batch experiments to determine whether South-
African mined clinoptilolite could be used as an ion-exchange agent for selected cations 
in aqueous solution. The metal cation removals of different particle size clinoptilolite 
samples were compared to determine the effect of particle size on the metal removal 
capacity. The selectivity of clinoptilolite for the selected metals was to be determined. 
Batch equilibrium studies were conducted so that cumulative mass of the metal ion on 1 g 
of clinoptilolite could be determined. The equilibrium data were to be used to plot 
Langmuir and Freundlich isotherms so as to determine the nature of the exchange 
occurring on the zeolite surface.  
 
5.2 Metal removal through ion-exchange 
Results from the ion-exchange studies of copper(II) and lead(II) showed that 
clinoptilolite has the ability to remove metal ions from aqueous solution. However, the 
metal ion removal could not be attributed solely to ion-exchange because a stoichiometric 
relationship could not be established between the entering and the leaving ions. When 
ion-exchange occurs, electrical neutrality of the zeolite surface must be maintained by 
replacing leaving ions with similar charged ions from the solution. Although some of the 
metal removal could be attributed to ion-exchange, the metal removal could also have 
been removed through other mechanisms such as adsorption, absorption and complex 
formation as these processes can also lead to a decrease in metal concentration.  An 
acidic pH was found to be more suitable for the batch studies as the possibility of the 
formation of hydroxide precipitates was reduced for most of the metal cations included in 
this study.  
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5.3 Metal removal and selectivity 
An initial decrease in metal ion concentration occurred within the first 15 minutes of 
contact in all of the metal standard solutions that were in contact with clinoptilolite. Thus 
clinoptilolite has the capacity to remove Cu2+, Ni+2+, Fe3+, Mg2+and Pb2+ ions from 
aqueous solution. However, the effectiveness with which clinoptilolite removed these 
ions differed from ion to ion. The Pratley clinoptilolite selectivity series is given as: Cs+ > 
Rb+ > K+ > NH4+ > Ba2+  > Sr2+  > Pb2+  > Zn2+  > Cu2+  > Co2+  > Ni2+  > Hg2+  > Na+  > 
Ca2+  > Fe3+ > Al3+  > Mg2+ > Li+ (Pratley Perlite Mining Co., 2000). On comparing the 
Pratley selectivity series to the percentage metal removals obtained in this study some 
similarities can be drawn. The lead, copper and nickel removals are on the high end on 
both lists indicating that Pratley clinoptilolite is selective towards these metals. The 
nickel removals obtained in this study were high in the ion-exchange studies but 
relatively low in the equilibrium studies. According to the Pratley list clinoptilolite is not 
selective towards iron(III). In this study the iron(III) removals were high when the finer 
particle sizes were used but were lower when the larger particle sizes were used. 
Magnesium is towards the end of both lists, which suggests that Pratley clinoptilolite is 
not selective towards magnesium. Table 5.1 below reflects the selectivity of clinoptilolite 
for metal ions based on the percent removal from the AA and ICP ion-exchange studies. 
 
Metal ion Lead(II) Nickel(II) Copper(II) Iron(III) Magnesium(II) 
Percent removal range 
by Z-0.5-1 mm 
clinoptilolite at pH 3.00 
97-100% 79-92% 46-70% 16-55% 30-47% 
 
Table 5.1 Comparison of the corrected metal removal by the Z-0.5-1 mm clinoptilolite 
 
5.4 Effect of particle size 
The finer particle size clinoptilolite samples had a higher capacity to remove metal ions 
from solution than the larger particle size samples. This was attributed to the larger 
surface area of the finer particle size clinoptilolite. An anomaly to these results was that 
in the AA results the magnesium ions were at times more effectively removed by the 
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larger particle clinoptilolite samples. The larger particle sizes initially removed less 
magnesium ions but with increasing contact time they removed an equal or greater 
amount than the finer particle sizes. The reason for this anomaly needs to be investigated 
further. Magnesium was the only metal in this study that was not a transition metal and it 
was present as an exchangeable cation in the Pratley clinoptilolite formula. 
 
 5.5 Shortcomings and Recommendations  
1.  The number of metals in the study should have been fewer, (3-4) so that there 
would be sufficient time to concentrate on each metal, particularly in the 
preliminary studies during method development. 
 
2. From the literature survey it was found that the time taken by the exchanging ions 
to reach equilibrium varied from 6 minutes to two weeks. Preliminary equilibrium 
studies were only conducted using copper but the procedure was applied to all the 
metals. The optimum experimental conditions would have to be investigated for 
each metal to obtain better removals of the metal ions by clinoptilolite. 
 
 3. AA signal monitoring such as the use of blank solutions, check standards and 
control solutions should have started earlier in the research so that  the effect of 
instrumental error could be determined. 
 
4. From the beginning of the study, potassium hydroxide should have been selected 
for pH adjustment instead of sodium hydroxide because the clinoptilolite would 
have been the only source of sodium. Hence the concentration of sodium ions 
released into the sample solution could have been analysed without fear of 
interference. 
 
5. The persistent relative errors in the control solutions and the bias in some of the 
AA results could have affected the quality of the results of this study. 
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6. The ion-exchange of a specific cation is influenced by the presence of competitive 
cations and anions. Municipal and industrial wastewaters contain several cations 
and anions which can make the ion-exchange of a target cation complex. 
Consideration should have been given to using the research findings to 
applications beyond the laboratory. Therefore further work related to this study 
could be on how to treat water pollution by using clinoptilolite to remove selected 
metal cations from various wastewater samples. 
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APPENDIX I 
 
EQUATIONS REFERENCE LIST 
 
1. [C/X = C/Xm + 1/ (KXm )]       equation 1 
where: 
C = equilibrium concentration of the cation in solution (mg/L) 
X = amount of cation adsorbed per mass of zeolite (mg/g) 
Xm = cation adsorption maximum (mg/g) 
K = a constant related to the energy of adsorption 
 
2. lnX  =  lnK  +  nlnC       equation 2 
 
where; X  = amount of cation adsorbed per mass of zeolite (mg/g) 
 C  = equilibrium concentration of the cation in solution (mg/L) 
 K  = constant for a given absorbate and absorbent 
 n  =  constant for a given absorbate and absorbent 
 
3. RSD  = ( s / x ) x 1000 ppt       equation 3 
                             
where; RSD  = relative standard deviation 
 s  = standard deviation 
 x  = mean 
 
4. (95% CL) for   =  x +/- (ts) / (N)1/2        equation 4 
 
where;    = population mean or true mean 
 x  = mean 
 s  =  standard deviation 
 N  =  number of measurements 
  t  = deviation from the mean in units of the standard deviation          
(value from t-table for 95% CL) 
 
5. Coefficient of linearity, r = Σi[(xi-x)(yi-y)]     equation 5 
         -------------------- 
        { [Σi (xi-x)2 ][ (yi-y)2] }1/2  
 
 
     
6. Straight line equation y  =  bx  +  a     equation 6 
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7. Slope, b    =  Σi[(xi-x)(yi-y)] / Σi (xi-x)2    equation 7 
 
     
8. y-intercept, a     = y  -  bx     equation 8 
 
 
9. Regression error, Sy/x   = [ Σi (yi-yr)2 /(n-2)] ½    equation 9 
 
 
10. Qexp  = | xq –xn| / w       equation 10 
 
11. Detection limit = yb   +   3sb      equation 11 
  
where 
r = coefficient of linearity 
Σi  = sum of items 
xi  = x values 
x = mean of x values 
yi = y values 
y = mean of y values 
yr  = y values on regression line 
n = number of samples 
b = slope 
a = y intercept 
Sy/x    = regression error 
yB = blank signal  or y intercept 
sB = blank standard deviation or regression error 
xq = the questionable result to which the Q test is applied 
xn = the nearest neighbour, (result) to the questionable result 
w = the range or spread of the results 
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APPENDIX II 
 
CALCULATIONS REFERENCE LIST 
 
1. Calculation of the relative error, Er in a control solution. 
  
The first data set from the copper exchange studies at pH 3.00, (Table 3.2.2) were used. 
 
 Er = Xi  -  Xt   where Xi is the measured concentration 
     _______    x 100%  
        Xt                            and Xt is 10.00 ppm, the standard  
                                        concentration 
  
 Er = 9.929 – 10.00 
   ___________  x 100% 
        10.00  
  
 Er = -0.71% 
 
 
2. Calculation of the cumulative metal concentration on the clinoptilolite, Cz. 
 
The Z-0.5-1 mm data from the lead equilibrium studies, (Table 4.2.6) were used. 
 
STEP 1 
 
The concentration difference between the control solution and the sample at the end of 
each equilibrium time was calculated to determine the amount of metal removed by the 
clinoptilolite. 
 
 
24 hour 
equilibrium 
cycle  
cycle 1 Cycle 2 cycle 3  Cycle 4 
Control 
solution 
concentration 
(mg/L) 
 
9.579 
 
9.830 
 
9.233 
 
9.775 
Sample 
concentration 
(mg/L) 
 
0.264 
 
1.577 
 
2.316 
 
3.481 
Concentration 
difference 
(mg/L) 
 
9.315 
 
8.253 
 
6.917 
 
6.294 
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STEP 2 
 
The concentration difference was multiplied by the volume of metal standard added to 
the clinoptilolite in each equilibrium cycle. The sum of the masses obtained in each cycle 
was obtained. Then the obtained mass was multiplied by the dilution factor. 
 
24 hour equilibrium cycles cycle 1 cycle 2 cycle 3 cycle 4 
Concentration difference 
(mg/L) 
 
9.315 
 
8.253 
 
6.917 
 
6.294 
Concentration difference x 
50 mL (mg) 
 
0.4658 
 
0.4127 
 
0.3459 
 
0.3147 
Cumulative mass on 1g of 
the Z-0.5-1mm 
clinoptilolite (Cz) 
 
0.4658 
 
0.8785 
 
1.224 
 
1.539 
Cumulative mass 
multiplied by 4 (Cz) 
 
1.863 
 
3.514 
 
4.896 
 
6.156 
 
 
 
3. Calculation of the percentage metal removal  
  
The Z-1-2 mm particle size clinoptilolite data from the copper ion-exchange studies at pH 
3.00, (Table 3.2.2) were used. 
 
The metal concentration in the control solution is regarded as the concentration which the 
samples containing clinoptilolite would have if they did not contain the zeolites. Subject 
to analytical error, it is assumed that for any concentration changes that occurred in the 
control solutions similar changes would have occurred in the samples with clinoptilolite.  
In calculating the percentage metal removal, first the concentration difference between 
metal concentration in the sample and control solutions were determined. This difference 
was regarded as a representation of the metal concentration removed from the solution by 
clinoptilolite. This difference was divided by the control solution concentration and then 
multiplied by 100. 
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Contact time (min) 15 30 45 60 
Control concentration 
(ppm) 
 
9.929 
 
10.000 
 
9.983 
 
9.885 
Z-1-2 mm solution 
concentration (ppm)  
 
7.349 
 
6.432 
 
4.845 
 
4.079 
Metal  removed by Z-1-
2 mm (ppm) 
 
2.580 
 
3.568 
 
5.138 
 
6.020 
Percentage metal 
removal 
 
26% 
 
36% 
 
51% 
 
60% 
 
 
4. Calculation to determine points for the Langmuir isotherm 
  
The linearised form of the Langmuir equation, [C/X = C/Xm + 1/ (KXm )] was used. In the 
isotherm, C/X, (y-axis) was plotted against C, (x-axis).      
 
The symbols meanings are: 
C = equilibrium concentration of the cation in solution (mg/L) 
X = amount of cation adsorbed per mass of zeolite (mg/g) 
Xm = cation adsorption maximum (mg/g) 
K = a constant related to the energy of adsorption 
 
The equilibrium data from Table 4.2.6 were used. 
 
 
The amount of metal removed from the standard solution was obtained by subtracting the 
sample concentration from the control concentration at the end of each cycle. The 
concentration difference was then labeled as X. 
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24 hour 
equilibrium 
cycles 
 cycle 1  cycle 2  cycle 3  cycle 4 
Control 
concentration 
(mg/L) 
 
9.579 
 
9.830 
 
9.233 
 
9.775 
Sample 
concentration 
(mg/L) C 
 
0.264 
 
1.577 
 
2.316 
 
3.481 
Difference in 
concentration 
(ppm) X 
 
9.315 
 
8.253 
 
6.917 
 
6.294 
C/X 0.02834 0.1911 0.3348 0.5531 
 
 
5. Calculation to determine points for the Freundlich isotherm 
 
The lead equilibrium data in Table 4.2.6 were used. 
 
The linearised form of the Freundlich equation, lnX  =  lnK  +  nlnC was used where ln X 
(y-axis) was plotted against lnC, (x-axis).        
where; X  = amount of cation adsorbed per mass of zeolite (mg/g) 
 C  = equilibrium concentration of the cation in solution (mg/L) 
 K  = constant for a given absorbate and absorbent 
 n  =  constant for a given absorbate and absorbent 
 
The values for C and X were calculated using the method described in calculation 4 
above but the concentration units were ppb. A calculator was used to find the ln C and ln 
X. 
 
24 hour equilibrium 
cycles 
 cycle 1  cycle 2  cycle 3  cycle 4 
Sample concentration, C 
(ppb) 
 
264 
 
1577 
 
2316 
 
3481 
Concentration of cation 
on the zeolite, X (ppb) 
 
9315 
 
8253 
 
6917 
 
6294 
ln C 5.58 7.36 7.75 8.16 
ln X  9.14 9.02 8.84 8.75 
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6. Calculation to show the conversion of concentration in ppm to mmol/L using 
copper as an example. 
 
10 ppm copper  =  10 mg/L copper 
10 mg/L copper = 0.01g/L 
0.01g   = (0.01g / 63.55 g/mol)  = 0.000157356 mol 
_____   = ________________   ______________ 
    L                  L                 L  
Therefore 10 ppm copper =  0.1574 mmol/L 
 
7. Calculation to determine if a stoichiometric relationship exists between copper 
and sodium ions during copper removal. 
 
The copper-sodium results in Table 3.2.1 were used. Duplicate samples were generated 
by mixing a 10 ppm copper standard with 2g of the zeolites. The metal concentrations 
were measured after 5, 15, 30 and 45 minutes. 
 
 
Cu2+(aq) + 2Na+(s)     Cu2+(s)  + 2Na+(aq)       
 
 
STEP 1 To determine the amount of copper removed by the zeolite, the sample 
concentration was subtracted from 10 ppm. Then the difference was converted into moles 
per liter. 
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Samples 1 2 1 2 1 2 1 2 
Contact time (5min) (5min) (15min)  (15min) (30min) (30min) (45min) (45min) 
Concentration 
 
8.512 8.493 5.036 5.121 6.321 6.900 4.502 5.201 
Concentration 
difference 
(ppm) 
1.488 1.507 4.964 4.879 3.679 3.100 5.498 4.799 
Concentration 
difference 
(moles per 
liter) 
2.34 x 
10-5  
2.37 x 
10-5 
7.81 x 
10-5 
7.67 x 
10-5 
5.79 x  
10-5 
4.89 x  
10-5 
8.65 x 
10-5 
7.55 x 
10-5 
 
STEP 2 
 
Stoichiometrically if one copper ion is removed from the solution by the zeolite, then two 
sodium ions must be released into the solution by the zeolite. Thus the expected sodium 
concentration was calculated by multiplying the concentration difference by two. Then 
the actual sodium concentration was converted into moles per liter. 
 
 
Samples 1 2 1 2 1 2 1 2 
Contact time (5min) (5min) (15min) (15min) (30min)  (30min) (45min) (45min) 
Concentration 
difference 
(moles per 
liter) 
2.34 x 
10-5  
2.37 x 
10-5 
7.81 x 
10-5 
7.67 x 
10-5 
5.79 x 
10-5 
4.89 x  
10-5 
8.65 x 
10-5 
7.55 x 
10-5 
Expected 
sodium 
concentration 
(moles per 
liter) 
4.68 x 
10 -5 
4.74 x 
10 -5 
1.56 x 
10 -4 
1.53 x 
10 -4 
1.15 x  
10 -4 
9.78 x 10 
-5 
1.73 x 
10 -4 
1.51 x 
10 -4 
Actual 
sodium 
concentration 
(moles per 
liter) 
7.56 x 
10 -4   
7.49 x 
10 -4   
1.44 x 
10 -3   
1.25 x 
10 -3   
1.88 x  
10 -3   
1.69 x    
10 -3   
2.67 x 
10 -3   
2.53 x 
10 -3   
 
STEP 3 
The fraction of sodium ions found in the solution due to ion exchange was calculated by 
dividing the expected sodium concentration by the actual sodium concentration. 
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Samples 1 2 1 2 1 2 1 2 
Contact time (5min) (5min) (15min) (15min) (30min)  (30min) (45min) (45min) 
Expected 
sodium 
concentration 
(moles per 
liter) 
4.68 x 
10 -5 
4.74 x 
10 -5 
1.56 x 
10 -4 
1.53 x 
10 -4 
1.15 x  
10 -4 
9.78 x  
10 -5 
1.73 x 
10 -4 
1.51 x 
10 -4 
Actual 
sodium 
concentration 
(moles per 
liter) 
7.56 x 
10 -4   
7.49 x 
10 -4   
1.44 x 
10 -3   
1.25 x 
10 -3   
1.88 x  
10 -3   
1.69 x    
10 -3   
2.67 x 
10 -3   
2.53 x 
10 -3   
Sodium ions 
in solution 
due to ion-
exchange 
6.2% 6.3% 10.8% 12.2% 6.1% 5.8% 6.5% 6.0% 
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    APPENDIX III 
 
 
1. REPEATABILITY TEST RESULTS 
 
1.1 Copper repeatability results 
Two more copper repeatability tests were performed to determine whether the trend of a 
decrease in concentration with increasing analysis time would persist. In both 
repeatability tests a 5.00 ppm copper standard was used as a sample. In the first test the 
5.00 ppm copper standard was aspirated 13 times. In the second test 10 successive 
measurements of the 5.00 ppm standard, a blank solution and a check standard were 
made. A 4.50 ppm copper standard whose pH was not adjusted was used as a check 
standard. The role of the check standard was to monitor the trend in the AA signal during 
analysis. Table III(a) below reflects the concentration changes during the repeatability 
tests. 
 
Equation 3 in Appendix I was used to calculate the %RSD for the all the repeatability test 
results. The copper %RSD values were, 0.040% and 0.012% for test 1 and test 2 
respectively. These values are low and analytically acceptable. Q test results revealed that 
the seventh sample measurement in the second repeatability test was an outlier. Equation 
10 in Appendix I was used to perform the Q test. 
 
 
No. of 
samples 
1 2 3 4 5 6 7 8 9 10  
Test 1 
[Cu] 
(ppm) 
4.97 
 
4.91 4.82 
 
4.83 
 
4.79 
 
4.86 
 
4.79 
 
4.79 
 
4.89 
 
4.79 
4.5.2 
4.45 
4.58 
10 
11 
12 
13 
Test 2 
[Cu] 
(ppm) 
4.49 
 
4.45 
 
4.71 
 
4.62 
 
4.65 
 
4.58 
 
5.12
 
4.49 
 
4.59 
 
4.91 
 
 
Test 2 
[Check 
std] 
4.46 
 
4.42 
 
4.37 
 
4.38 
 
4.39 
 
4.34 
 
4.31 
 
4.32 
 
4.28 
 
4.31 
 
 
Test 2 
Blank 
0.0016 
 
0.0016 
 
0.0026 
 
0.0025 
 
0.0021 
 
0.0022 
 
0.0022 
 
0.0021 
 
0.0021 
 
0.0019 
 
 
 
Table III(a) Results of repeatability tests 1 and 2 obtained using a 5.00 ppm copper 
standard and a 4.50 ppm check standard 
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The relative error of the first set of results was in the range -11 to -0.7% and that of the 
second set of results was in the range -11 to 2.4%. Calculation 1 in Appendix II shows 
the equation and gives a model calculation of how the relative error was calculated. The 
variation in copper concentration during the repeatability tests is reflected in Figure III(a) 
and Figure III(b). In Figure III(a), the graph from the test 1 results showed an overall 
decrease in concentration per increasing analysis time. The graph from the test 2 results 
showed no trend in concentration per analysis time. 
 
Graphs of changes in copper concentration 
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Figure III(a) Changes in copper concentration during repeatability tests 1 and 2 
 
In Figure III(b) a steady baseline was obtained for the copper concentration in the 5.00 
ppm standard, the 4.50 ppm check standard and the blank solution. These results did not 
show signs of the presence of a systematic error that was suspected in the initial copper 
repeatability tests in section 3.1.  
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Figure III(b) Changes in the concentrations of the copper standard, check standard and 
blank solution per analysis time 
 
1.2 Nickel repeatability results 
A repeatability test was performed for nickel using a 5.00 ppm standard as a sample and a 
4.50 ppm check standard. From the results in Table III(b) an apparent increase in nickel 
concentration occurred in both the sample and the check standard. There was a 45% 
difference between highest and lowest nickel concentration in the check standard.  The 
%RSD for the nickel sample measurements was 0.124%. The repeatability test revealed 
the nickel measurements were unreliable as they were inaccurate and imprecise. This was 
despite the blank measurements being constant during the analysis. 
 
No. of 
samples 
1 2 3 4 5 6 7 8 9 10 11 12 
[Ni] 
ppm 
4.64 
 
5.16 
 
5.48 
 
5.82 
 
6.08 
 
6.49 
 
6.58 
 
6.58 
 
6.83 
 
6.94 
 
6.99 
 
7.22 
 
[Check 
std] 
3.61 4.03 4.26 4.41 4.69 4.77 4.76 4.77 4.91 5.21 5.16 5.23 
Blank <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
 
Table III(b) Results of the repeatability test obtained using a 5.00 ppm nickel standard  
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Figure III(c) shows the trend of increasing nickel concentration over increasing analysis 
time. This bias of increasing nickel concentration per analysis time persisted during the 
analysis of nickel on the AA throughout this study. The source of this error could 
however not be positively identified.  
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Figure III(c) Changes in nickel concentration during the repeatability test 
 
1.3 Magnesium repeatability results 
In the magnesium repeatability test a 5.00 ppm magnesium standard was aspirated 12 
times. Table III(c) shows the variation in the concentration with increasing analysis time. 
An overall increase of 10% occurred in the magnesium concentration with increasing 
analysis time. 
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No. of 
samples 
1 2 3 4 5 6 7 8 9 10 11 12 
[Magnesium] 
ppm 
5.19 
 
5.18 
 
5.26 
 
5.61 
 
5.52 
 
5.58 
 
5.62
 
5.59
 
5.64 
 
5.59 
 
5.68 
 
5.71 
 
 
Table III(c) Results of the repeatability test obtained using a 5.00 ppm magnesium 
standard 
 
 
The %RSD of the magnesium measurements was 0.036% and the relative error range was 
4-16%. The accuracy of the results became poor with increasing analysis time due to the 
apparent increases in concentrations in the later part of the AA analysis. The graph in 
Figure III(f) reflects the magnesium concentration changes over time. 
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Figure III(d) Changes in magnesium concentration during the repeatability test 
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1.4 Iron repeatability results 
In the iron repeatability test a 5.00 ppm iron standard was used as a sample and a 4.50 
ppm standard was used as the check standard. Table III(d) shows the changes in iron 
concentration. A downward trend was observed in the iron concentration as is evident in 
both the sample and check standard solutions. The apparent concentration decrease 
between the highest and lowest check standard measurement was 6%. 
 
 
No. of 
samples 
1 2 3 4 5 6 7 8 9 10 11 12 
[Iron] 
ppm 
4.90 
 
4.85 
 
4.84 
 
4.79 
 
4.74 
 
4.73 
 
4.70 
 
4.72 
 
4.73 
 
4.69 
 
4.66 
 
4.66 
 
[Check 
std] 
4.46 4.43 4.36 4.28 4.29 4.21 4.25 4.21 4.17 4.22 4.25 4.18 
Blank <0.006 <0.006 0.035 <0.006 <0.006 <0.006 <0.006 <0.006 <0.006 <0.006 <0.006 <0.006 
 
Table III(d) Results of the repeatability test obtained using a 5.00 ppm iron standard 
 
 
The sample %RSD was 0.016% which indicates good precision. However, the accuracy 
decreased with increasing analysis time as the relative errors were in the range -2 to  
-16%. The blank measurements remained constant during the analysis. 
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Figure III(e) Changes in the iron concentration during the repeatability test 
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1.5 Lead repeatability results 
In the lead repeatability test a 5.00 ppm lead standard was aspirated 12 times. Table III(e) 
shows the concentration of the lead standard over time. The trend was such that there was 
an initial decrease in concentration followed by an increase in later measurements. The 
concentration decrease between the highest and lowest measurement was 8%.The lead 
measurements had a %RSD of 0.027% which indicates good precision. The lead relative 
errors were in the range -13 to -20% which indicate poor accuracy. Figure III(f) shows 
the apparent variation in lead concentration per increasing analysis time. 
 
 
 
No. of 
samples 
1 2 3 4 5 6 7 8 9 10 11 12 
[Lead] 
ppm 
4.23 
 
4.10 
 
4.27 
 
4.00 4.11 
 
4.07 3.98 
 
4.10 4.13 
 
4.09 4.02 4.25 
 
 
Table III(e) Results of repeatability test using a 5.00 ppm lead standard 
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Figure III(f) Changes in the lead concentration during the repeatability test 
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1.6  Conclusion 
  
The repeatability tests that were conducted on the atomic absorption spectrometer were 
prompted by the inconsistent control concentrations obtained during preliminary batch 
studies. The metal concentration in the control solutions was expected to remain fairly 
constant even when the solutions were analysed after different contact or sampling times. 
However the control concentrations were either above or below the expected 
concentration values for most of the metals in this study. The AA spectrometer, the 
hollow cathode lamps and the metal standard solutions were regarded as potential causes 
of the inconsistent control results. The repeatability test results revealed that the bias of 
the results differed from metal to metal. The concentration of solutions containing metals 
such as nickel and magnesium seemed to increase with increasing analysis time while 
solutions that contained copper, iron and lead seemed to have a decrease in concentration 
with increasing contact time. Despite the presence of some bias in the AA results, the 
results of copper, magnesium and lead were more acceptable than those of nickel, iron 
and chromium.   
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